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Coal undergoes a series of beneficiation processes that aims at extracting as much coal as 
possible in all size fractions. However, there are over 30 billion tons of coal fines and ultrafines 
discarded in the top ten coal producing countries. The study aims to contribute to the ongoing 
research on the beneficiation of fine and ultrafine coal by focusing on the optimization of the 
hydrocyclone process as a pretreatment stage on the beneficiation of fine and ultrafine coal. 
The coal attributes were understood by using sieves for the particle size distribution (PSD), X-
ray fluorescence (XRF) for elemental analysis, X-ray diffraction (XRD) for mineral phase 
identification, calorific value (CV), and proximate analysis for coal ranking. The project made 
use of the Taguchi design of experiment to optimize the hydrocyclone classifier. The 
parameters investigated were the % solids, spigot size, F80, and inlet pressure. The parameters 
were optimized in response to obtaining low percentage ash, high coal yield, high CV, large 
d50, low % passing 150µm, and high % separation efficiency. 
Chemical analysis revealed that major gangue elements associated with ash-bearing minerals 
were Si and Al assaying at 23.3% and 13.37% respectively. Proximate analysis showed that 
the coal sample contained 34.03% ash, 1.37% moisture, 24.02% volatile matter and 40.58% 
fixed carbon content by calculation. The calorific value and the sulphur content were 
determined to be 19.66 MJ/kg and 0.69% respectively. The results revealed that the level of 
parameter significance varies depending on the response variable. However, with regards to 
the CV, the parameter level of significance was observed to be distributed equally. With the 
application of ANOVA and multiple regression analysis, models were developed which 
assisted in studying the parameter effect and parameter interaction of operational and response 
variables. The models for ash %, % coal yield, d50, % passing 150µm, and CV obtained R2 
that ranges greater than 80% with p-values of less than 0.05. The % separation efficiency 
obtained R2 of 59.95% with a p-value greater than 0.05. The standard estimate error of 
regression was higher for the d50 as compared to other response variables. 
The optimized parameters for the operation of the hydrocyclone were 10% solids, 20mm spigot 
size, 770µm F80, and the inlet pressure of 50kpa. The optimum results were: % ash of 23.71%, 
the calorific value of 23.06MJ/kg, coal yield of 79.18%, % separation efficiency of 84.34%, 
d50 of 465µm, and % passing 150µm of 25.23%. However, when the model's accuracy was 
tested, the response obtained was 25.81% ash, 23.74 MJ/Kg CV, 83.00% yield, the % 




was able to demonstrate that the hydrocyclone classifier is suitable as a pre-treatment stage that 
can separate the fines from ultrafines and it can be optimized using the Taguchi method.  
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Chapter 1 : Introduction 
1.1 Background 
Coal is the most abundant fossil fuel in most parts of the world and considered a major source 
of energy as it contributes 29.9% of the global primary energy needs and generating 41% of 
the world’s electricity (Rana and AlHumaidan, 2015; Rahman et al., 2017). As coal is extracted 
from the mine, it consists of ranges of sizes from coarse to ultrafine particles assorted with 
overburden (dirt and rocks). The dirt and rocks are known as mineral matter. The mixed range 
of sizes is mainly contributed by increased mechanization in the mining and comminution stage 
for size reduction in the minerals processing sector.  
Mining mechanization is one of the major contributors to the generation of fines. These coal 
fines are discarded and stockpiled regardless of their value. The availability of about 30 billion 
tons of fine coal stockpiles has been estimated in the top 10 coal-producing countries in the 
world. In some countries, factors such as the depletion of high-grade coal and increased 
discards to the environment have led to the beneficiation of coal fines because of the potential 
use of fines in other sectors (Muzenda, 2014).  
Coal is divided into different size categories which are coarse, medium, small, and fines which 
are treated using dense medium vessels, dense medium cyclones, spirals, and advanced 
flotation processes respectively. The small and fine fraction is also described as fines and ultra-
fines respectively in some cases. The fine material is material that is -1mm + 0.15mm and the 
ultra-fines is material that is -0.15mm. The hydrocyclone is used to de-slime fine coal from the 
coarse size screening stage according to fines and ultra-fines for further treatment using 
advanced fine beneficiation technologies such as spirals and advance flotation methods instead 
of discarding them. 
For more than 30 years the hydrocyclone has been used in the mineral mining industry and has 
been used as a sizing equipment (Slechta and Firth, 1984; Rana and AlHumaidan, 2015; Wills 
and Finch, 2016). The hydrocyclone is favorable to this application because of its desired 
attributes such as it being very compact equipment that has a high capacity. In the coal 
processing industry, this equipment is not just considered as a sizing equipment but as a 
washing equipment where the high in-situ ash is mainly concentrated in the ultra-fine material. 




dependent. Its operation is a continuous improvement in the process (coal yield, size restriction) 
and quality of the product (ash %). 
 One of the most common ways that engineers use to optimize a process is through the 
application of One-Variable-At-a-Time (OVAT). Nonetheless, this kind of work relies on 
presumption, chance, knowledge, and intuition for the optimization process to be efficient 
(Antony, 2003). OVAT experiments are often inaccurate, wasteful, repetitive, and may result 
in the process being falsely optimized. When numerous variables affect a certain attribute of a 
product, the finest approach is then to design an experiment so that effective, steadfast, and 
comprehensive conclusions can be drawn effectively, resourcefully, and economically 
(Antony, 2003). An experimental design is an important method for collecting as much 
information from a process as possible while reducing the amount of data collected. Factorial 
experimental designs examine the effects of several different variables by concurrently altering 
them rather than modifying just one factor at a time (Geng, 2016). To optimize the performance 
of the cyclone, the Taguchi approach design of experiment tool was used in this study. It is an 
offline quality assessor method since it ensures good performance in the design stage or process 
i.e. maximizing or minimizing. This approach also confirms the level of significance of each 
parameter involved together with interaction with the output value.  
This project focuses on the optimization of parameters such as spigot size, F80, % solids, and 
inlet pressure on the beneficiation of fine coal, thus assessing the ash %, % yield, CV, d50, % 
150µm in the underflow stream (U/F) and lastly the % separation efficiency. 
1.2 Research problem statement  
A typical coal processing plant aims to extract as much coal as possible in all fraction size 
ranges. However, this is not possible since other fraction sizes which constitute of fines and 
ultrafines are discarded in tailing dams because they are difficult and uneconomical to 
beneficiate (Osborne and Walton, 2016). This is a loss in revenue to coal processing plants as 
good quality coal is not being recovered from the fine and ultrafine discards as they are 
regarded as waste. Many attempts have been made by researchers to recover fines and ultrafines 
before they are discarded without much success  (Franzidis, 1992; Luttrell et al., 1995; Galvin 
and Iveson, 2013; Honaker et al., 2013; Zhang and Brodzik, 2016). The limitation, therefore, 
is that these developed technologies are limited to particle size treatment. Hence, the 
hydrocyclone was recognized to aid the beneficiation of coal fines and ultrafines due to its size-




cleaner production and processing of coal fines and ultrafines (Reddick et al., 2007). This 
project seeks to optimize the hydrocyclone as a pre-treatment stage in the beneficiation of fines 
and ultrafines. 
1.3 Research questions  
 What is the mineralogical composition of the coal sample? 
 Can hydrocyclone be used as a pre-treatment stage to reduce ash %? 
 What is the order of the level of significance for operational parameters on the response 
variable? 
 What is the effect of operational variables on the response variables such as ash %, % 
yield, CV, d50, % passing 150µm, and the % separation efficiency? 
 What are the main interactive parameters that affect ash %, % yield, CV, d50, % passing 
150µm, and the % separation efficiency?  
 Can regression models be used to predict working parameters of response variables 
such as ash %, % yield, CV, d50, % passing 150µm, and the % separation efficiency  
 What are the optimum conditions when treating coal fines and ultrafine using a 
hydrocyclone? 
1.4 Aim and Objectives 
1.4.1 Aim  
The project aims to contribute to the ongoing research on the beneficiation of fine and ultrafine 
coal.  The main focus is on the optimization of the classification process using a hydrocyclone 
as the pre-treatment stage.  
1.4.2 Objectives 
 To determine the different properties of coal samples by conducting proximate analysis, 
particle size distribution, X-Ray diffraction, X-ray fluorescence, and calorific value at 
the Laboratory. 
 To use Taguchi analysis to investigate the parameter interaction and order of 
significance for various parameters to the response variable 
 To optimize working parameters of hydrocyclone classifier i.e. inlet pressure, F80, % 




1.5 Significance of the study  
According to Ritchie and Roser, (2020) coal, oil, and gas fossil fuels will continue to play a 
significant role in the global energy system. Such fuels have been and will continue (unless 
replaced by new alternatives) to be the backbone that contributes positively to the 
developments in the industrial revolution, technological, social, and economic spheres of the 
world. Coal was the first fossil fuel to be used, however, in today’s era, crude oil is the largest 
source of energy as displayed in Figure 1.1. Crude oil accounts for 40% of global energy, 
followed by coal which contributes 32%, and lastly, natural gas contributing 27% (Ritchie and 
Roser, 2020). 
 
Figure 1.1: Global fossil fuel consumption from 1800-2017(Ritchie and Roser, 2020) 
Electricity plays a central role in modern economies and provides an increasing share of energy 
services. The electricity demand is expected to grow further as a result of increasing household 
incomes, transport and heat electrification, and growing demand for digitally connected devices 
and air conditioning (IEA, 2019). According to Figure 1.2, coal contributes to the majority of 



























Figure 1.2: Global electricity share by fuel source (Ritchie and Roser, 2020) 
Coal mining and beneficiation remain the pillar of industrialization, quality of life, 
employment, and income to South Africa. The country has been ranked 7th coal-producing 
country in the world, contributing 4% while China contributing 50% of the world’s coal as 
shown in Figure 1.3 (IEA, 2019; World Coal Association, 2019). To show that coal mining 
industries are the central component of the country, 2017 sales statistics in Figure 1.4 shows 
that coal mining accounts for 28 percent of the average year's mineral sales, making it a major 
contributor to sales among other commodities such as PGMs, Gold, etc. (Gaille, 2018). 
 






























































Figure 1.4: 2017 Commodity share sales in South Africa (Gaille, 2018) 
Amongst other fossil fuels that naturally occur from country to country, South Africa is largely 
dominated by coal, hence a high production of it as illustrated in Figure 1.5. 
 
Figure 1.5: Fossil fuel production in South Africa from 1900 – 2020 (Ritchie and Roser, 
2020) 
Coal finds its use mainly in the electricity generation, petrochemical, general industry like 
manufacturing and metallurgical sector. Although some South African coal is exported to 
countries such as India and China, 63% of the remaining coal is used for electricity production 


















































Figure 1.6: Coal usage distribution in South Africa (South Africa DOE, 2016) 
Most of the applications of coal mentioned are major contributors to the South African 
economy, hence, coal has become the dominant fossil fuel in the country accounting for 73% 
of the countries primary energy sector (South Africa DOE, 2016). 
As South Africa relies heavily on coal, 95% of electricity is produced by coal-fired plants 
(Horsfall, 1980; Jeffrey, 2005). This is supported by IEA statistics in Figure 1.7, as it shows 
that from the year 1970 to 2015, coal has been the main contributor in terms of providing 
energy in the country. 
 
 












































Coal fines and ultrafines typically represent about 10-20% of the plant feed of which is 
typically discarded or used as it is (Baruya, 2013; Galvin and Iveson, 2013). Literature reviews 
on the beneficiation of coal fines and ultrafines recommend a clear distinction between fines 
and ultarfines before the application of their beneficiation techniques such as flotation, oil 
agglomeration, enhanced gravity separation, and other gravity separators. The application of 
coal fines and ultrafine classification using a hydrocyclone classifier before treatment improves 
the separation efficiency of the beneficiation methods. This study contributes to the body of 
knowledge as it enables the use of the design of experiment (Taguchi approach) in optimizing 
hydrocyclone operation. This is unlike One-Variable-at-Time (OVAT) optimization approach 
which has been attributed to be unreliable and inefficient. Such an approach allows the study 
to reveal how operational parameters interact with each other and which parameters are more 
critical in obtaining improved separation of coal fines and ultrafines.  
Application of such optimizing tools on hydrocyclone is beneficial to production industries as 
it can be used to assess the feasibility of cleaner production of coal fines and ultrafines. The 
understanding of how parameters interact would also assist in improving the productivity and 
efficiency of the operating plant in maximizing the recovery of fine coal instead of discarding 
it. 
1.6 Motivation of the study  
South Africa is amongst the largest producer of coal and owing to that, it becomes the largest 
exporter of coal to countries like India and China. However, since coal mining started and 
currently still taking place, there is a generation of coal fines and ultrafines that are discarded 
and stockpiled in tailings dams. It is estimated that there are about 30 million metric tons of 
coal fines and ultrafines stockpiles globally with South Africa having 2400 stockpiles 
(CoalTech, 2016). With this huge quantity of coal fines, there is the ability to tap into and 
export millions of metric tons of coal to the market per year. However, the fines and ultrafine 
coal size fraction is discarded without taking into account the value of the coal. One of the 
justifying causes of not beneficiating fines was that they are difficult and expensive to treat. 
Nevertheless, the gravity-based separators and the surface-based separation technologies for 
fine coal cleaning have been substantially improved (Ramudzwagi et al., 2020). This leads to 
a need to pre-treat the coal fines and ultrafines using hydrocyclone classifiers before the 




Allowing beneficiation of coal fines and ultrafines adds back positively to the economic value 
of the country. South Africa’s power grid Eskom suffers negatively due to factors such as a 
shortage of supply of clean coal (Dentilinger, 2018; Reuters Staff, 2018). As a result of 
producing clean fine and ultrafine coal, this pushes the power grid to improve their systems in 
terms of electricity generation as fluidized bed combustion units can be used to generate 
electricity since the country is heavily dependent on coal for electricity generation. 
1.7 Methodology of the study  
The project began with sample preparation of the coal that was received from Glencore 
Wonderfontein colliery seam 3 in Mpumalanga South Africa. The sample preparation stage 
comprised of crushing the sample using a jaw crusher, generating a material product of -19mm. 
The -19mm was then screened and re-ground until the desired size fraction of 80% passing at 
different sizes.  
Proximate analysis, total sulphur, and calorific value were conducted for characterization of 
the sample as received with X-Ray fluorescence (XRF), X-Ray diffraction (XRD). The above-
mentioned characterization techniques were also used for the two products generated from the 
hydrocyclone streams i.e. underflow and overflow stream. Taguchi design of experiment was 
used to optimize the selected working parameters of the cyclone which are inlet pressure (Kpa), 
F80 (µm), spigot size (mm), and % solids. An L25 which is 45 orthogonal array was generated 
using Minitab 18 software that produced a matrix combination of experiments to be conducted. 
The signal to noise (S/N) ratio was used to determine the optimum conditions and assess the 
relative significance of each parameter on the desired output response. Surface response was 
used to observe how the parameters interact with each other towards a desired response 
variable. 
1.8 Limitations  
The vortex finder has been identified to be a sensitive factor that affects the performance of the 
hydrocyclone. In this case, the parameter was fixed and not explored. The hydro-classifier rig 
used in the test work has not been in use for an extended period of time and maintenance work 
was not put into the cyclone rig meaning that the cyclone rig had fragile parts that could break 
at any time. Still, on the issue of maintenance, the pump could have been worn out and could 




1.9 Structure of the dissertation 
The dissertation comprises five chapters. Chapter 1 is an introduction to the dissertation which 
gives a background of the coal classification, the aims and objectives, problem statement, and 
research significance. Chapter 2 gives the literature review on the beneficiation of coal using 
related techniques such as the application of hydro-classifier. This chapter also presents the 
geology of coal in South Africa. Chapter 3 is the research methodology. This includes how the 
data was collected to compile the dissertation. It includes the characterization of run-of-mine 
(ROM) and hydrocyclone classifier products and the application of Taguchi experiment design 
in the project. Chapter 4 summarizes findings and gives an interpretation of the data captured 
when putting the research methodology into action. The discussion is linked to the literature 
discussed in chapter 2. Chapter 5 is the conclusion and recommendation. This chapter answers 
the research question and compares the assumptions made in chapter 1. The thesis lastly 
















Chapter 2 : Literature Review 
This chapter reviews a perspective of the formation, occurrence, and composition of coal. The 
chapter also goes deeper looking at the global energy outlook and South African energy 
production and consumption. A comprehensive literature review on the theory behind 
classification and methods of classification were explored. A background on the design of 
experiment using the Taguchi approach is also elaborated in detail. 
2.1 Coal Formation and Occurrence  
Coal forms as a result of the decay of plant matter in a post swampy environment through the 
coalification process (Otto, 2020). Coalification is defined as the conversion of vegetation into 
peat, followed by the conversion of peat into lignite, sub-bituminous, bituminous, semi-
anthracite to anthracite. This results in the formation of coal ranks as displayed in Figure 2.1. 
The coal rank is defined as the process of organic metamorphism that coal undergoes, each of 
which is due to a variety of physical and chemical properties. (Mastalerz et al., 2011; Groppo, 
2017). During this process, the organic structure of the heterogeneous compounds of coal keeps 









The sequential transformation from peat to anthracite is a result of coalification processes 
which are changes in biochemical phases accompanied by geochemical or metamorphic phases 
(Chaudhuri, 2016). The biochemical phase comprises of peatification stage which includes, 
maceration, moisture gelification, fermentation of resistant substances enabled by the degree 
of burial, groundwater levels, and pH of the swamps. These processes result in the formation 
of humic substances with increased aromaticity. With increased burial, which is associated with 
increased pressure, peatication stops with reduced moisture content and increased calorific 
value.  
The brown coal stage experiences serious changes in organic matter as a result of pressure and 
temperature changes. The alteration rate on the organic component of coal is higher than the 
mineral suites in the host rock. This stage is considered a stage of metamorphism. The 
geochemical or metamorphic phase feature processes such as bituminization, de-
bituminization, and graphitization stages. The observed changes are an increase in carbon 
content and a decrease in hydrogen and oxygen content, resulting in low volatile matter content 
(Thomas, 2012).  
2.2 The geology of South African coals 
According to Hancox and Götz, (2014), South African coal deposition took place in the 
Permian period which occurred 150-200 million years ago. The coal has been characterized to 
occur within the Ecca series of the Karoo system. Deposit depth, density, overburden, and seam 
thickness are factors influencing the choice of mining method (Speight, 2008; Michalski, 2011; 
Balasubramanian, 2016). Most South African coal deposits are fairly shallow, with most 
mining companies using surface mining methods and some miners using drill and blast 
methods (Africa Mining IQ, 2019). 
Coal is distributed throughout the country in nineteen (19) coalfields which are primarily 
situated in Kwa-Zulu Natal, Mpumalanga, Limpopo, the Free-State, and minor amounts in 
Gauteng and the Eastern Cape (Jeffrey et al., 2015) as shown in Figure 2.2. The main mining 
takes place in the Mpumalanga province of Witbank-Middleburg, Ermelo, and Standerton-
Secunda; Sasolburg- Vereeniging in Free-State; and smaller operations in Kwa-Zulu Natal as 
shown in Figure 2.2 (Jeffrey et al., 2015). However, with Witbank-Middleburg nearing 
depletion, the focus has shifted towards the Waterberg-Soutpansberg coalfields as a potential 







Figure 2.2: Coalfields deposits in South Africa (Hancox and Götz, 2014) 
South African coal owes its characteristics to its location, which is the southern hemisphere 
Gondwana coal. This is characterized by having comparatively high ash, low calorific value, 
low sodium, low sulphur, low chloride, and low potassium content (Isaac and Bada, 2020; 
Makgato and Chirwa, 2017; Pretorius et al., 2015). Hancox and Götz, (2014) described that 
the bulk of South African coal output being bituminous coal of medium-volatile (22-26%). 
This comes with sulphur quantities of <1.3% if coal is unwashed or sulphur quantities <0.8% 





2.3 Coal composition and Quality 
2.3.1 Mineral matter 
The inorganic material that was deposited in swamps during the coal formation is called 
mineral matter. Deposits, for instance, silt, clay, and sand of which later became inorganic 
material overlay on plant debris of organic material assisted in the coal formation process as 
pressure increased (Meshram et al., 2015). As a result of increased pressure with time, 
impurities (inorganic material) were released leaving a deposit highly concentrated with carbon 
content. Such material is considered as impurities because of the negative effects posed in coal 
usage (Tshiongo and Mulaba-Bafubiandi, 2013). Mineral matter is decomposed thermally, 
fused, and agglomerated during coal combustion. Nonetheless, this creates big problems in 
end-user applications such as clinkering, fouling, agglomeration, slagging, and heat exchange 
deposition (Falcone et al., 1984; Vorres, 1986; Tomeczek and Palugniok, 2002; Chakravarty 
et al., 2015; Matjie et al., 2016). This mineral matter is the inert constituents which remain as 
ash after coal has been combusted. Detailed research on the mineral matter is important to 
understand the modes of occurrence, composition, environmental impact, and future economic 
benefit of particulate carbon seams of trace elements and in some cases major elements(Ward, 
2016). According to Rezaee and Honaker, (2020) mineral matter mainly comprises clays, shale, 






Table 2.1: Mineral matter composition identified in coal (Schweinfurth, 2009) 
Mineral Chemical composition Remarks 
Major mineral constituents 
 (In order of abundance) 
Quartz SiO2  
Clay mineral   
 Kaolinite  Al2Si2O5(OH)4  
 Illite KAl4(AlSi7O20)(OH)4  
 Montmorillonite (0.5Ca,Na)0.7(Al,Mg,Fe)4[(Si,Al)4O10]2(OH)4nH2O  
 Chlorite  (Mg,Al,Fe)12[(Si,Al)8O20](OH)16 May have Mn.  
Clays may also contain 
Be, Cr, Ni, and other 
trace elements  
Pyrite FeS2 May also contain As, 
Cd, Co, Hg, Ni, Sb, and 
Se 
Calcite CaCO3  
Siderite FeCO3 May contain Mn 
Minor mineral constituents 
Analcime NaAlSi2O6.H2O  
Apatite Ca5(PO4)3(OH,F,Cl)  
Barite BaSO4  
Chalcopyrite CuFeS2  
Clausthalite PbSe  
Crandallite group   
 Crandallite CaAl3(PO4)2(OH)5.H2O  
 Florencite CeAl3(PO4)2(OH)6  
 Gorceixite BaAl3(PO4)2(OH)5.H2O  
 Goyazite SrAl3(PO4)2(OH)5.H2O  
Dolomite CaMg(CO3)2  
Feldspars (Ca,K,Na)AlSi3O8  
Galena PbS  
Marcasite FeS2 May contain some 
elements a pyrite  
Monazite (Ce,La,Y,Th,Nd)PO4  
Rutile/anatase TiO2  
Sphalerite ZnS May contain Cd 
Xenotime YPO4  
Zircon Zr(SiO4)  
Trace mineral constituents 
Chromite FeCr2O4  
Gibbsite Al(OH)3  
Gold Au  
Gypsum CaSO4.2H2O  
Halite NaCl  
Magnetite Fe3O4  






Macerals are coalified plant remains hosted in coal or other rocks. Such material is analogous 
to mineral matter, but they lack a crystalline structure. These macerals are vitrinite, liptinite, 
and inertinite which were formed from different plant components as illustrated by Figure 2.3. 
 
 
Figure 2.3: Maceral formation (Rudy, 2019) 
Maceral type can be determined using microscopic fluorescence intensity which measures the 
maceral reflectance. Reflectance is largely dependent on the capability of organic matter to 
absorb ultraviolet light which absorbs (fluoresce) at longer wavelengths in the visible spectrum 
(Kandiyoti et al., 2017). Variations in maceral reflectance are important indicators of their 
physical and chemical properties as governed by the coalification cycle (Flores, 2014). The 
macerals are defined according to the greyness in reflected light under a microscope. Liptinites 
produced dark grey reflection, vitrinite show medium to dark grey reflection while inertinites 
produce a whitish reflection.  
2.4 Coal Quality 
The conditions which plants remains were subjected to after they were buried play a key role 
in coal quality produced which also affects the coal rank. The sequential formation of coal has 




characterized as poor-quality coal and the last stage of coal formation, high quality as illustrated 
in Table 2.2. Proximate analysis, ultimate analysis, and calorific value are widely used in 
determining attributes of solid biomass fuel like coal thus assisting in coal classification (Liu, 
2011). 
Table 2.2: Coal stages profile (Meshram et al., 2015)  
Note: a As received basis and b Dry ash-free basis 









Peat  ~ 75 69-63 <60 3500 >23 
Lignite 35-55 63-53 65-70 4000-4200 23 
Sub-
Bituminous C 
30-38 53-50 70-72 4200-4600 20 
Sub-
Bituminous B 
25-30 50-46 72-74 4600-5000 18 
Sub-
Bituminous A 
18-25 46-42 74-76 5000-5500 16 
High Volatile 
bituminous C 
12-18 46-42 76-78 5500-5900 12 
High Volatile 
bituminous B 
10-12 42-38 78-80 5900-6300 10 
High Volatile 
bituminous A 




8-10 31-22 82-86 7000-8000 4 
Low volatile 8-10 22-14 86-90 8000-8600 3 
Semi-
Anthracite  
8-10 14-8 90 7800-8000 3.5 
Anthracite 7-9 8-3 92 7600-7800 4.5 
Meta-
Anthracite 
7-9 8-3 >92 7600 5 
 
2.4.1 Proximate analysis  
Proximate analysis is a fuel property that is commonly used to characterize coal in parallel with 
its use by confirming the reasonable use of coal. (Riley, 2014; Yi et al., 2017). It provides the 
gross composition of coal by quantifying the moisture content, ash content, volatile matter, and 
the fixed carbon content of the coal (Liu, 2011; Basu, 2018; Nunes et al., 2018). The test work 
analysis is highly dependent on the procedure used, which makes it important to know the 






Moisture content is used to measure the degree of coalification with an established relationship 
between the reduction in moisture and increased depth of the burial. However, this is a vital 
parameter for coal handling and also downstream circuits having coal with high moisture 
content leads to heavy penalties (Amit, 2017).  
 Volatile matter 
According to Miller, (2013) and Fuller et al., (2018), volatile matter regulates the flame 
stability, ignition, reactivity, burnout of chars, and amount of unburnt carbon in fly ash. This 
attribute of coal is part of coal that vanishes as gas and is condensable. It is determined 
gradually by rapidly heating air-dried coal to 950°C (Volborth, 1979; Thomas, 2012; Morley 
et al., 2017). The volatile matter has an inversely proportional relationship with the coal rank. 
High volatile matter content makes coal to be highly reactive, hence, it easily ignites in 
combustion application purposes (Miller, 2013; Morley et al., 2017). 
 Ash 
 During coal formation, there was a deposition of a variety of organic and inorganic species. 
The majority of the organics are driven off as gases and quantified as volatile matter. The 
inorganic species are quantified as ash content, which is defined as a portion in coal which is 
composed of non-combustible species known as mineral matter (Awasthi and Bhaskar, 2019). 
The ash content is known to be an important quality of coal that affects power plant 
maintenance costs because of increased equipment wear and strict ash handling requirements 
(GoldsWorthy et al., 2013; Savic et al., 2018). 
 Fixed carbon  
This is also correctly known as carbonaceous residue yield as it is characterized as a solid waste 
remaining after removal of volatile matter (Sarkar and Sarkar, 2015; Speight, 2015). The fixed 
carbon is also used to measure the energy output during combustion. This is the measured 
difference in air-dried coal between the combined percentages of the moisture content, ash 
content, and volatile matter from 100 percent. (Morley et al., 2017; Speight, 2015). 
2.4.2 Ultimate analysis 
The ultimate analysis is used to characterize coal in the form of quantifying chemical elements. 
Unlike the proximate analysis, this technique is regarded to be difficult and expensive 




nitrogen, and at times chlorine and fluorine as trace elements in weight percentage. All 
elements are determined using direct methods except for oxygen which is estimated by 
difference (Basu, 2018). 
The following characteristics have been attributed to the elements determined by the ultimate 
analysis (Caillat and Vakkilainen, 2013). 
 Carbon and hydrogen content has a positive effect on the heating value of coal.  
 The heating value decreases with an increase in oxygen content.  
 Higher nitrogen concentration leads to a higher NOx concentration of flue gases. 
 Sulphur is a source of SOx pollutants. 
2.4.3 Calorific value (CV) 
Calorific value is defined as the amount of heat released from total combustion of a unit mass 
of fuel and is measured using a bomb calorimeter for which the gross calorific value is 
calculated (Lu et al., 2017; Li et al., 2018). This index of coal classification is used in power 
generation plants to assess the energy efficiency of fuel consumed. The calorific value tends to 
increase as the coal rank increases (Sunshine, 2020). 
2.5 Coal processing methods 
The main objective of coal processing is to minimize mineral matter content to meet the end-
user specification requirement. This is done by improving combustion characteristics with 
minimal loss of combustible material to the tailings section (Groppo, 2017; Rezaee and 
Honaker, 2020). According to Zhang and Brodzik, (2016), the coal processing plant needs to 
extract as much coal as possible in all coal size fractions. Figure 2.4 illustrates the different 
sections of the coal preparation plant with respect to size fractions. The large coarse particles 
which are material of +50mm is treated using a heavy medium bath and jigs. The -50mm is 
crushed further but the lower bound size is restricted to +1mm. This size fraction of -50mm + 
1mm is generated using sieve bend screens and considered to be a small or intermediate size 
fraction and these are normally treated using dense medium cyclone separators (DMC) 
(Groppo, 2017). The -1mm fraction from the sieve screens contains fines and ultrafine coal. A 
hydrocyclone is however used to deslime and classify size fractions accordingly to produce 
fines (-1mm + 0.15mm) and ultrafines (-0.15mm) which are treated using a wide range of 





Figure 2.4: Coal processing setup with respect to size (Galvin and Iveson, 2013) 
2.6 Coal fines and ultrafines processing methods 
One of the objectives of coal processing plants is to minimize the generation of coal fines. 
However, such an objective is difficult to achieve because of increased mechanized mining and 
the natural friability of the coal. It is estimated that 10 - 20% of the coal processing plant stock 
feed consists of fine and ultrafine materials and recent statistics show that in 2016, over 30 
billion metric tons of fine coal was available in the top 10 coal-producing countries shown in 
Figure 2.5 (CoalTech, 2016). 
 
Figure 2.5: Coal fines stockpile in top 10 coal-producing countries (CoalTech, 2016) 
Owing to difficulties in treating coal fines, they are therefore disposed of and left on the 




generation processes even though fines constitute a potential source of high energy coal when 
cleaned (Kumar and Kumar, 2018a; Bunt et al., 2015; Cornish, 2016; Leokaoke et al., 2019).  
Over the last decades, there have been developments that have resulted in the improvement of 
beneficiation of coal fines which has led to improved efficiency and economic viability of 
beneficiating coal fines. Such technologies are illustrated in Figure 2.6 (Horsfall, 1980; Galvin 
and Iveson, 2013; Xia et al., 2015; Wang et al., 2018). These beneficiating technologies are 
constrained on particle feed size. This means that there must be a clear distinction between the 
two size fractions for improved cleaning efficiency.  
 
Figure 2.6: Fine and Ultrafine beneficiation technologies with respect to size (Honaker et al., 
2013) 
2.7 Theory of classification  
For coarse and intermediate particles in processing industries like coal beneficiation, sizing 
(industrial screening) is generally done using screens that separate size fractions using rigid 
compartmentalization and not classification (Gill, 1991). This produces two products, i.e. 
oversize (+) which is a size fraction that large enough not to pass through the screen mesh, and 
undersize (-) which is a size fraction that small enough to pass through the screen mesh. 
Practicing industrial screening on fine particle material becomes inefficient and expensive, 
because finer separation demands large areas of screening surface area, hence classification is 
used (Gupta and Yan, 2016). 
 
Classification is a process of separating assortments of minerals into two products. Such 




particles (Wills, 2006; Gupta and Yan, 2016; Wills and Finch, 2016). This process is 
continuous with a fluid kept in motion at the same time being removed to carry away slow 
settling particles from the feed and simultaneously removing the fast settling material. Figure 
2.7 (a-e) shows classification methods of separation which are used to ensure efficient 
separation of particles  (Drzymala, 2007). The separation through the fluid could be stationary 
through a stationary cone (Figure 2.7a), vertical through elutriator (Figure 2.7b), and horizontal 
through multi-product cone type sedimentation (Figure 2.7c), pulsating through jigs (Figure 
2.7d) and spiral movement of medium separation also known as centrifugal through 


















 The separation is heavily dependent on the specific gravity, terminal falling velocities of 
particles in a wet or dry environment. Particles of the feed settles under the influence of gravity 
in a fluid medium such as water because wet classification is well known for its increased 
efficiency in separation. In such an environment, a particle is prone to develop viscous 
resistance and turbulent resistance which is contributed by drag force as shown in Equation 2.2 
and 2.3. Regardless of which resistance governs, these forces should reduce the acceleration of 
particles in the fluid rapidly and therefore hit the terminal velocity fairly quickly. 
2.7.1 Classification theory (Particle in fluid) 
When considering the settling of a single spherical particle that is kept stationary in a 
continuous stationary fluid in Figure 2.8, two forces are acting vertically on the particle i.e. 
firstly its weight as a result of factors such as particle density, particle volume, and its 
acceleration due to gravity. Secondly, the buoyancy which according to the Archimedes 
principle is equated to the weight of displaced fluid as a result of factors such as fluid density, 
particle volume, and acceleration due to gravity (Seville and Wu, 2016).  
 
Figure 2.8: Forces acting on a stationary particle in a fluid medium (Seville and Wu, 2016) 
If the particle is removed from rest, mimicking a free-settling environment as illustrated in 
Figure 2.9; the particle has chances of falling (if particle density is greater than fluid density) 
and remaining in the same rest position (the densities of the particle and that of the fluid is the 





Figure 2.9: Forces acting on settling particle (Seville and Wu, 2016) 
 
The resulting net force, therefore, denotes the fine and coarse particle direction since particles 
are carried into separable products according to Netwon's famous law as shown in Equation 
2.1 (Drzymala, 2007; Gupta and Yan, 2016). In this case, the particle mass is a combination of 
the density and particle size which influences the acceleration of the particle (Drzymala, 2007; 
Gupta and Yan, 2016). 
 
∑ F = ma ………Equation 2.1 
 
Unequal densities denote that the two forces (buoyancy and weight) are unbalanced resulting 
in a particle net force that promotes acceleration of particle up and down giving rising to new 
a force that is known as the drag force as shown in Equation 2.2 and 2.3 (Seville and Wu,016).      
Without balancing the accelerating and drag forces that act upon a particle in motion, no 
classification process occurs as classifiers are designed and operated on terminal velocities 
which result from the total net force: 
 
Drag force = Weight - Buoyancy……. Equation 2.2 
 
FD = ρpgV- ρgV = (ρp- ρ) gV……  Equation 2.3 
 
Where FD is the drag force, ρp the particle density, g the gravitational acceleration due to 
gravity, and V the volume of the particles. 







 ……...Equation 2.4 
Therefore: 
ρV = m……. Equation 2.5 
 
When Equation 2.5 is substituted in Equation 2.3 this means that FD is equal to  (mp − m)g as 
shown in Equation 2.6 
 
FD = (mp - m)g ……...Equation 2.6 
 
Where, mp is the mass of particle and m the mass of the fluid medium. 
 
The classifier needs to ensure that particles attain their terminal velocity and to determine the 
terminal velocity of the particle; the particle motion Equation 2.7 (Wills and Finch, 2016) is 
used to establish the terminal velocity of the particle in motion. Where (x) represents the 
velocity of the particle. 
 
mρg - mg - FD = 
m dx
dt
……. Equation 2.7 
 
When particle terminal velocity is reached, then 
dx
dt
 is equal to zero and the drag force changes 









Stokes law assumed that the drag force is as a result of the viscous resistance thus obtaining 
the Equation 2.9 (Wills and Finch, 2016): 
 
FD = 3πdφv……. Equation 2.9 
 














By making (v) the subject of the formula on Equation 2.10, Equation 2.11 and 2.12 (Wills and 













-ρ) ……. Equation 2.12 
 
Netwon, however, assumed that the drag force is a result of turbulence resistance as expressed 




v2ρ……. Equation 2.13 
 







-ρ) = 0.055πd2v2ρ……...Equation 2.14 
 
Equation 2.14 is used to establish the terminal velocity (v) of the particle in Equation 2.15 
















For a given classification system, particles that pertain to the irregular shape, coarser size, and 
high- density characteristics fall at a faster rate to the bottom of the vessel because of higher 
terminal velocity compared with the smaller and lighter particles. For very small particles such 
as clay or silt, which the size particle is attributed to approaching colloidal dimensions, there 
is increased settling time meaning that there is a smaller gap in the settling rate of these 
particles, resulting in low separation efficiency. The centrifugal forces generated by the 
hydrocyclone are used to accelerate the settling rate, thus increasing the difference between the 
settling rate of particles which then leads to improved separation efficiency (Wills, 2006). 
 
According to Gill, (1991), the settling velocity is affected by the particle shape, particle density, 
particle size (F80), density of medium and medium viscosity. The effects are discussed below:  
 Spherical particles settle more rapidly than tabular/irregular-shaped particles (when 
particles are of the same weight).  
 Particles with high specific gravity settle faster than particles of low specific gravity 
(when particles are of the same size and shape).  
 Increased medium density increases the resistance of particles to settle. 
 Increased viscosity of medium increases the settling resistance of particles. 
2.8 Hydrocyclone Classifier  
Hydrocyclone is defined as a classification device that promotes centrifugal force to speed 
particle settling rates (Gupta and Yan, 2016). It uses classifying principles and has a proven 
good efficiency in the fine separation of coal fines and ultrafines. Some tested fields include 
the use of de-slimming, de-gritting, and thickening (Wills and Finch, 2016; Giglia and Aldrich, 
2020). Amongst other solid-liquid separation such as filter press and centrifuges, the first 
preference is given to the hydrocyclone due to lack of moving parts, small size, low 
maintenance costs, high flexibility, large operating range, high efficiency, small size, and low 
energy consumption (Patra et al., 2018; Tian et al., 2018; Garcia et al., 2020). 
The hydrocyclone has its limitation in classification due to the short-circuiting of particles, 
hydraulic entrainment, and density effect phenomenon (Drzymala, 2007; Zhao et al., 2019). 
The most common observation is ultrafine particles that are misplaced to the underflow in small 





Advancement to mitigate the limitation are the developments made. For example, the three 
product/phase hydrocyclone as illustrated in Figure 2.10, of which the first stage of the three-
product cyclone reduces slimes’ effects by acting as a deslimer. The findings suggest that this 
3 product cyclone could be used for fine separation and desliming duties (Lu et al., 2016). 
Furthermore, developments were made with the introduction of four product cyclone as shown 
in Figure 2.11, which is a three product version cyclone with an additional conventional 




Figure 2.10: Three product hydrocyclone set up (Lu et al., 2016) 
 
 




A typical cyclone as illustrated in Figure 2.12, consists of a conical-shaped vessel (Show and 
Lee, 2014). This vessel is responsible for the spiral motion which generates centrifugal force 
responsible as the main force of separation. The vessel is opened at the bottom and this is called 
the apex where the spigot is located, which produces the underflow product. The opening 
diameter controls the density of the product and it has to be big enough to allow coarse particles 
to pass through.  
The cyclone also consists of an elongated portion of the pipe that reaches through the cyclone's 
body known as the vortex finder. This portion prevents short-circuiting of the feed inserted via 
tangential inlet to report directly to the overflow. An increase in its diameter increases coarser 
cut-off point and cyclone capacity at a given pressure drop. 
 
 
Figure 2.12:  Schematic diagram of conventional hydrocyclone classifier (Drzymala, 2007) 
The feed is introduced through a tangential inlet under certain pressure. This causes the pulp 
to swirl or spiral, creating a vortex with a low-pressure region in the center. Once the vortex is 
generated, two forces now act on the particles, firstly the centrifugal force on the outside and 







Figure 2.13: Fundamental forces within hydrocyclone (Wills and Finch, 2016) 
The difference between the two forces is the resultant force which is responsible for particle 
movement as illustrated in Equation 2.17 (Drzymala, 2007), where Fw is the resultant force, Fc 
is the centrifugal force, and Fd the drag force. The settling rate of particles is increased by the 
establishment of the centrifugal force resulting in enhanced separation of particles based on 
size, shape, and basic gravity. Particles that settle down more easily travel towards the cyclone 
wall, with a lower speed and drift towards the apex opening reporting as the underflow product. 
As a result of the drag force effect, the slower-settling particles migrate to the low-pressure 
zone along the axis, and these particles travel up the vortex-finder reporting as the overflow 
product. 
 
Fw = Fc – Fd ……Equation 2.17 
After inserting physical expressions for particular forces in Equation 2.17, an expression i.e. 
























 ………. Equation 2.18 
Where: 








v- Particle relative velocity 
𝑣𝑡- Tangent velocity of the liquid 




𝜌𝑐- Density of liquid 
R- Radius of the hydrocyclone 
d- Diameter of particle 
𝜔- Resistance factor of particle 
 
Equation 2.18 has been described to be complex to understand (Drzymala, 2007), hence with 
regards to the design of factors, empirical relation developed by Knoch and Nowaryta (1992) 








2 π di h (ρz-ρc)ΔP
…………. Equation 2.19 
 
Where: 
ηc- Suspension viscosity  
VO- Suspension stream (Volume per unit time) 
di = 2ri- Diameter outlet of overflow 
h- Height of the hydrocyclone 
g- Acceleration due to gravity 
R- Hydrocyclone radius 
ΔP- Pressure drop 
2.8.1 Factors affecting the performance of cyclone 
Two key parameters influence the performance of the hydrocyclone. firstly the design variables 
(Garcia et al., 2020), which include the feed inlet diameter, spigot diameter, cyclone diameter, 
vortex finder diameter, etc., and secondly, the operating variables which include the 
concentration of solids (pulp density or viscosity) and the feed particle size distribution 
(Uahengo, 2014). The hydrocyclone’s performance indices include the cut-size (separating 
size) and the efficiency of separation (sharpness of separation). This performance criterion 
differs depending on the commodity treated. Based on empirical modelling using experimental 
data, the following trends have been developed for different performance criteria (Wills, 2006). 
With regards to coal processing, the ash % content and % coal yield are considered performance 




 Cut point (Separating size)  
Since classification aims to separate the feed material into coarse and fine fractions. The cut 
point or separate size is the particle by the size of the material divided. This is denoted by D50 
which shows particle size at which 50% chance of material reporting to the overflow and 
underflow (Bennetts, 2019).  
 
The separation size decreases with increased apex orifice (spigot size), in other words, the 
increase in spigot size decreases the cut point (Muzanenhamp, 2014). The same effect of 
decreasing cut point size is observed with the flowrate. The inlet pressure was found to have 
an inverse proportion relationship with the cut point as an increment in pressure resulted in a 
smaller cut point as more fines are being sent to underflow (Neesse et al., 2015; Bennetts, 
2019). An increment in feed % solid concentration results in an increase in the cut size (Zwane, 
2015; Tian et al., 2018). Particle size in terms of the F80 is reported to have a direct relationship 
with the cut size (Cui et al., 2017).   
 The efficiency of separation (Sharpness of separation) 
Since the hydrocyclone has its limitation as some fines still report to the coarse size fraction, 
the efficiency of separation, in this case, measures the quantity of misplaced grains (Fahlstrom, 
1963). The efficiency of separation deteriorates with increased % solids, this is because 
hindered settling is dominated which prohibits centrifugal sedimentation in the hydrocyclone 
system (Slechta and Firth, 1984; Özgen et al., 2009; Tian et al., 2018). It has been found that 
the decelerating effect on tangential velocity indicates that the centrifugal force decreases with 
an increase in the % solid concentration(Jiang et al.,2018). The inlet pressure displays little 
effect on the % separation efficiency (Fahlstrom, 1963; Wills, 2006; Kumar and Kumar, 
2018b). However, Shojaeefard et al., (2006) and Tian et al., (2018) observed that the inlet 
pressure and particle size distribution of the feed has a positive effect on the separation 
efficiency.  
 
It is a struggle to determine the optimal diameter of the underflow apex (spigot size diameter). 
The analysis shows that both small or large spigot sizes will results in poor separation as 
particles are misplaced in either underflow or overflow product (Zhang et al., 2019) However, 
it was been observed that that the optimum spigot size is highly dependent on the solid 
concentration of the feed (Zhang et al., 2019). The increase in the diameter of the spigot 




will increase but decreases as a result of the increased particle acceleration and fine-particle 
bypass effect (Ni et al., 2019). 
2.9 Application of hydrocyclone in coal processing  
When approaching the finest size, coal material is sized based on the settling rate in water using 
classifiers such as hydrocyclone. Such sizing is done because the treatment of fines and ultra-
fines are done on a different section of the preparation plant as shown in Figure 2.14 where 
hydrocyclone application are circled in red.  
 












The presence of high-ash bearing ultrafine particles impairs the efficiency of fine coal cleaning 
performance due to entrainment in the clean coal product (Horsfall, 1980). Classification 
before and after has become common practice to produce a fine clean coal product because the 
size classification unit and coal-ash separation are inter dependable units in fine coal processing 
(Zhang and Brodzik, 2016). Hence, hydrocyclone are considered as coal washing equipment 
and not just as classifiers. This is elaborated by the application of hydrocyclone classifiers in 
different sectors in Table 2.3. Its application is in the pre-treatment of coal feed to the next 
processing sections in the coal plant. 
 
Table 2.3 Various applications of hydrocyclone in coal processing 
Authors  Title  Findings reviews 
(Honaker et al., 2007) “Ultrafine coal classification using 
150 mm gMax cyclone circuits” 
A two-stage 150mm diameter cyclone 
treated coal fines coal that contained an 
initial feed of 50% ash down to 20% with 
U/F solid recovery of 30%. 
(Oruç et al., 2010) “An enhanced-gravity method to 
recover ultra-fine coal from tailings: 
Falcon concentrator” 
An initial feed of 66.43% ash was treated 
using two-stage hydrocyclone yielding a 
product of 45.9% with a combustible 
recovery of 74% prior treatment using 
falcon 
(Özgen et al., 2009) “Process development studies on 
recovery of clean coal from ultra-
fine hard coal tailings using 
enhanced gravity separator” 
Single-stage hydrocylone was able to treat 
feed of 28.41% ash thus producing a 
product of 19.59% ash with coal yield of 
56.83% prior to application of enhanced 
gravity separation  
(Özbakir et al., 2017) “Modeling and optimization of fine 
coal beneficiation by hydrocyclone 
and multi-gravity separation to 
produce fine lignite clean coal” 
Single-stage hydrocyclone pre enriched 
coal feed with 54.82% ash and was able to 
yield a product of 42.60% ash at 55.75% 
coal yield before multi-gravity separation.  
 
2.9.1 Parameter effects on the % ash content (U/F) and % coal yield (U/F) 
Since the classification and coal ash separation are interdependent, the ash % content (U/F) and 
the clean coal yield (U/F) reporting to the underflow are also used as performance criteria of 
the hydrocyclone. These performance criteria are dependent on the spigot size, vortex finder, 
% solids, inlet pressure, etc.  
 Ash % content (U/F) 
The ash % (U/F) content is the quantification of estimated mineral matter reporting to the 
underflow stream on the hydrocyclone. The ash content increases with an increase in apex 




material to the bottom flow (Oruç et al., 2010). However, an increase in the spigot size of three 
product cyclones causes coarser coal particles to split into the underflow, which resulted in 
reduced d50 resulting in lower yields of clean coal coupled with high ash % (Lu et al., 2016). 
The effect of % solids increment is, however, marginal towards the ash content. Low and high 
inlet pressure leads to increased ash content. Low pressure results in deterioration of centrifugal 
sedimentation which increases the susceptibility of feed material to flow to the bottom of the 
hydrocyclone. With extremely high pressures, the mineral matter is easily taken to the bottom 
of the hydrocyclone due to increased % yields (Özgen et al., 2009; Özbakir et al., 2017). 
  % Coal yield (U/F) 
The % coal yield quantifies the clean coal reporting to the underflow stream of the 
hydrocyclone. It was observed that the vortex finder and % solids have a positive effect on the 
% coal yield. An increase in apex diameter and inlet pressure allows more inorganic material 
to migrate towards the bottom flow leading to increased ash content, hence, a negative effect 
of decreasing coal yield (Oruç et al., 2010; Özbakir et al., 2017).  
2.10 Design of experiment (DOE) 
The optimization stage is carried out in most processes by measuring the effect of one factor at 
a time on an experiment response variable (Fávero and Belfiore, 2019). An assessment of one 
factor at a time increases the number of experiments required for the analysis and contributes 
to an increase in the use of resources available, such as reagents, material, and time. (Müller et 
al., 2020). Having a large number of variables becomes more critical during the optimization 
step. DOEs are therefore used to classify major factors and obtain competent results through 
restricted experimental runs as the supplementary tool during the optimization phase. At the 
same time, a steadfast and clear conclusion can be obtained from an effective and economically 
sound approach (Liu, 2020). The application of hydrocyclone studies in Table 2.3 in section 
2.9 was done using the design of experiments as opposed to OVAT experiments. There are 
different DOEs that researchers use amongst which are full factorial design, fractional factorial 
design and Taguchi method. The minimum number of observations (N) essential for the 
mentioned DOEs are dictated by equations 2.20 to 2.22. 
Full factorial, N=lk ………Equation 2.20 
Fractional factorial, N=lk-p ………Equation 2.21 




Where l is the number of levels, p is the number of parameters and k, the number of 
generators. 
2.11 Taguchi design of experiment. 
Taguchi experiment design is a type of DOE, the methodology of which can meet the 
requirements of problem-solving and design optimization with a reduced number of test runs 
and provide the finest combinations of control factors by making the product or process 
insensitive to the noise factors (Fávero and Belfiore, 2019). This approach is also considered 
as full factorial design, however, it ignores the interaction and concentrated on estimating the 
effects of main factors in the process (Liu, 2020). The optimization is based on the 4-step 
preparation shown in Figure 2.15, performing and reviewing the effects of matrix experiments 
to determine the best rates of control factors using the signal-to-noise ratio (S / N) (Fávero and 
Belfiore, 2019). The primary objective is to keep the output response variance very low; this 
also applies in the presence of noise inputs. This makes the processes resilient to all variations. 
The analysis approach of the data obtained in this research study will be further discussed in 
chapter 3. 
 





 2.11 Summary 
This chapter considered looking at the aspects of coal formation and occurrence globally, the 
geological setup of coal in South Africa, coal composition, and coal quality. It went further by 
discussing the coal processing methods used in the coal industry; the methods used for coal 
fines and ultrafines processing. The chapter discusses the theory of classification, hydrocyclone 
classifier, and the application of hydrocyclone classifiers in coal processing. The chapter went 
further to discuss the aspect of the design of experiment using the Taguchi method on how it 
is applied. 
The chapter went into detail discussing performance criteria which include the ash %, % yield, 
the CV (MJ/kg), the % separation efficiency, and the d50 which was linked to the % passing 
150µm. From the literature review, it was observed that the effect of the investigated 
parameters which are the % solids, spigot size (mm), F80 (µm), and the inlet pressure (Kpa) 






Chapter 3 : Methodology 
This chapter covers entirely an explanation of how the project was approached. This includes the 
preparation of the sample and coal classification experiment methods. The chapter goes into detail 
explaining the optimization approach using Taguchi design of experiment through Minitab 18 
software and the characterization techniques used to obtain data from the feed and hydrocyclone 
products that assisted in the optimization process. 
3.1 Materials 
Approximately 1 tonne of coal run-off-mine (ROM) was received from Glencore Wonderfontein 
(WFN) colliery seam 3, South Africa. The particle sizes received varied in size and were within 
the -600mm +1mm range as illustrated in Figure 3.1. 
 





3.2.1 Characterization Methods 
 Particle size distribution   
The as-received sample particle size distribution was verified using shaking sieve analysis. The 
set sizes of the sieves were arranged accordingly using root 2 series so that a representable particle 
size distribution can be generated.  
 Feed and Product chemical analysis 
The elemental composition of the coal sample was analyzed by using ZSX primus II Rigaku X-
ray fluorescence (XRF). The mineralogical phases of the coal sample were determined using 
Ultima IV Rigaku X-ray diffraction (XRD). Standard practice methods ASTM D3172-13, SANS 
17246:2011, and ISO 17246:2011 were used for proximate analysis of coal and coke to determine 
the % moisture, ash %, % volatile matter, and % fixed carbon. The calorific value using e2k 
combustion was determined using SANS 1928:2009 and ISO 1928:2009 standard method 
procedures (SANS, 2009). The total sulphur was analyzed using U-THERM TX-DL8300. 
For sampling purposes, the 50kg sample produced as described in section 3.2.2 below was spilt 
using refile jones splitter two times to produce a mass of 12.5kg. The obtained mass was further 
split using a rotary cone splitter to produce one product mass of 1.3 kg out of nine which was used 
for feed analysis. 
3.2.2 Sample preparation   
The entire 1 tonne coal sample was crushed using a swing jaw crusher to a size of -19mm. 
The - 19mm was screened using an oscillating vibrating screen to produce a size of -12mm.  The 
+12mm size was re-crushed using a cone crusher to have the entire sample at -12mm. The 1 tonne 
was split into 250kg using the cone and quartering method. Four 250kg from the 1000kg was 
produced. One of the four 250kg was used to conduct all sets of experiments. The remaining 750kg 
was stored and kept for future use.  
The 250kg selected for the test work was further split into five 50kgs. Each 50kg was used to 
produce one type of feed size. The feed type produced was 80% passing 770, 650, 530,310, and 
220µm and these different feed sizes (F80) were used to mimic the effect of feed size changes on 




rod mills. Milling curves were first generated to determine the milling time to produce desired size 
fractions to be used as the feed to the hydrocyclone.  
3.2.3 Design of experiment (DOE) of coal classification testwork 
A setup of the experiment was generated using the Taguchi design of experiment through Minitab 
18 software for the optimization of the hydrocyclone classifier as shown in Table 3.1. The Taguchi 
established 25 experiments which were then conducted.  
Table 3.1: Coal fines classification experiment setup 
Experiment 
number 








1 5 15 770 20 
2 5 18 650 40 
3 5 20 530 50 
4 5 23 310 60 
5 5 25 220 80 
6 7 15 650 50 
7 7 18 530 60 
8 7 20 310 80 
9 7 23 220 20 
10 7 25 770 40 
11 10 15 530 80 
12 10 18 310 20 
13 10 20 220 40 
14 10 23 770 50 
15 10 25 650 60 
16 13 15 310 40 
17 13 18 220 50 
18 13 20 770 60 
19 13 23 650 80 
20 13 25 530 20 
21 15 15 220 60 
22 15 18 770 80 
23 15 20 650 20 
24 15 23 530 40 





3.2.4 Pulp preparation  
The pulp was prepared at different % solids of the feed according to Table 3.2. Initially, the volume 
of water that the cyclone rig requires to allow consistent circulation of the medium was determined. 
The water volume was determined to be 160 litres, which was used to determine the exact mass of 
the sample to be added in the 160 litres to make the desired % solids of the pulp. Equations 3.1 to 
3.3 below were used to determine masses to be added to make the desired % solids is illustrated in 
Table 3.2. 




MP = Mw + Ms………Equation 3.2 
MS = 
% Solids × Mw
1 - % Solids
……..Equation 3.3 
Where: 
% solids are the desired fraction of solids, Mp is the mass of pulp, Mw is the mass of water which 
in this case was 160 litres and Ms is the mass of solids. 
Table 3.2: Coal mass required to generate desired % solid 







3.2.4 Coal classification Experiments  
ROM coal fines were classified using a centrifugal classification method. A VV165 hydrocyclone 
classifier shown in Figure 3.2 with a fixed diameter and vortex finder of 165mm and 40mm 





Figure 3.2: University of Johannesburg hydrocyclone classifier rig 
The experiments were done varying % solids, spigot size, F80, and the inlet pressure as shown in 
Table 3.3. 
Table 3.3: Experimental parameters and their levels 
Variables Levels 
Solids (wt.%) 5 7 10 13 15 
Spigot size (mm) 15 18 20 23 25 
F80 (µm) 770 650 530 310 220 
Inlet pressure (Kpa) 20 40 50 60 80 
 
The experiments were run based on the order number in Table 3.1. The procedure was to prepare 
the slurry of desired % solids from the 160liters of water. The desired spigot size was fitted on the 
hydrocyclone and the pump was started while the valve that feeds the hydrocyclone was closed 
and the recirculating valve opened. This allowed the slurry to recirculate to the mixing tank which 




After the 10min interval, the recirculating valve was closed while simultaneously opening the 
valve that feeds to the hydrocyclone. The hydrocyclone feed valve opening was used to adjust the 
pressure since the feed velocity has a directly proportional relationship with the pressure. The 
system was allowed to run at the set conditions for 10 minutes. The first sub-sample was taken by 
sampling the from both underflow and underflow over 10 seconds, but to maintain the stability of 
the process a top-up of water and sample was added to the system. The system was allowed to run 
for another 10 minutes of which after the time interval the second sub-sample was taken. The two 
subsamples were weighed, filtered, oven-dried, and weighed again to determine the mass pulls of 
the overflow and underflow. 
The optimization criteria were based on the underflow product (U/F) of the hydrocyclone, by 
considering the ash % (U/F), % yield (U/F), calorific value (U/F), d50, % separation efficiency, 
and % passing 150µm. 
 % Ash (U/F) 
This value was established using proximate analysis using Equation 3.4 and represents the amount 





Where: X is mass of empty crucible, Y is the mass of crucible + sample and Z is mass of crucible 
+ ash. 
 % Yield 





Where U is the underflow solids flow rate mass (t/hr) of the underflow and F is the feed solids 
flow rate (t/hr) to the hydrocyclone. 
 CV U/F 







 % Separation Efficiency  
The % separation efficiency or % efficiency of the hydrocyclone was established using Equation 
3.6. The D75, D50, and D25 were determined from the U/F particle size distribution.  




 % passing 150µm. 
This value represents the amount of -150µm particle size that reports to the U/F and was 
determined from U/F particle size distribution by taking into account the cumulative mass of the -
150µm size. 
3.2.5 Taguchi Analysis  
Taguchi analysis was used to analyze the relationship of input variables which are % solids, spigot 
size, F80, and inlet pressure to output variables which are the ash %, % yield, CV, % Efficiency 
of separation, d50 and the % passing 150µm. Such an analysis was done using: 
 Signal noise ratio (S/N) 
According to the Taguchi method, to find the optimal operational parameters, the signal to noise 
ratio (S/N) of each operational parameter level must be assessed for each response variable (Bigot 
et al., 2006). This means that the S/N can be used to discover the optimal parameter values by 
studying the variation of the response (Kast, 1997). These formulas shown in Table 3.4 are applied 
depending on the desired outcomes of the response variable. The larger is better (S/N) will be 
applicable for % yield, % separation efficiency, CV, and the d50 response. The smaller is better 
(S/N) will be applicable for ash % and % passing 150µm response. 
Table 3.4: Summary of the signal to noise ratio equations 
Signal to noise ratio The goal of the experiment Equation 
Larger is better Maximize the response 




Smaller is better Minimize the response 






 Analysis of variance (ANOVA) 
The analysis of variance is considered the best way to test if experiment results are significant or 
not. This is done by rejecting the null or accepting the alternative hypothesis set in the experiment. 
This is decided upon the p-value test; for example, a p-value greater than 0.05 indicates that there 
is no statistical relationship that exists between operational variables and the response variable of 
the model, while a p-value of less than 0.05 suggests that there is a statistical relationship that 
exists between operational variables and response variable in the model. 
 Multiple regression analysis 
Multiple regression analysis is a statistical technique where the researcher is interested in finding 
the linear combination of a set of predictors that provides the best point estimates of the dependent 
variable across a set of observations (Mason and Perreault, 1991). The goal of multiple regression 
is to model the linear relationship between the predictor (independent) variables and response 
(dependent) variable (Will, 2020). 
3.3 Project flowsheet 




Figure 3.3: Project flowsheet 
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Chapter 4 : Results and Discussion 
This chapter discusses the results of coal characterization which include chemical, physical, and 
mineralogical analysis. Further, results on the optimization of hydrocyclone classifiers using the 
Taguchi design of experiments are discussed. The optimization was assessed by using signal noise 
ratio analysis and response surface to observe the parameter interaction. 
4.1 Characterization of coal run-of-mine 
4.1.1 Particle size distribution (PSD) 
Figure 4.1 shows the particle size distribution (PSD) of the different cyclone feeds that were 
produced using a milling curve. The graph shifts the left and upwards illustrating that there is 
indeed a change in top size material and reduction in size. The F80 size was observed to decrease 
with decreasing particle size feed. A reduction in the F80 size means that there is an increase in 



































4.1.2 Proximate analysis 
The results of the proximate analysis of the head sample are shown in Table 4.1. According to the 
ASTM International standards D388-19a, coal of less than 60% fixed carbon is classified by the 
gross calorific value (ASTM D388, 2015). The gross calorific value obtained from the coal was 
19.66MJ/kg. 
Table 4.1: Proximate analysis of the feed sample 
Ash (%) 34.03 
Moisture (%) 1.37 
Volatile matter (%) 24.02 
Fixed Carbon (%) 40.58 
Calorific value (MJ/kg) 19.66 
Sulphur (%) 0.69 
 
Figure 4.2 displays the ash profile of the different PSDs that were generated as illustrated in Figure 
4.1. These results show that a decrease in the top size of the feed increases the ash content for 
different size fractions. This also shows that the degree of liberation of mineral matter increases 
with a reduction in the top size. This might be due to an increase in exposure of mineral matter 

























Figure 4.2: Ash profile of different sizes 
 
4.1.3 Chemical composition of the coal sample 
The XRF results in Table 4.2 displays the minor elements found in coal. There is an abundance of 
Al and Si in the coal. Such elemental composition is predominantly associated with clay 
(kaolinite), quartz, and ilmenite material, which is one of the most abundant minerals in South 
African coal (Matjie et al., 2016). Such clayish minerals contribute to high levels of ash content. 
The results also show the presence of Fe, Ca, S, Ti, and K i.e. mentioned in ascending order in 
terms of % weight content. These are classified as elements of interest in coal (Zhu, 2010; Riley, 
2014).  
Table 4.2: Chemical composition of the feed sample 
Element Al Si S K Ca Ti Fe 







4.1.3 Mineralogical composition of the coal sample 
The ROM was characterized using XRD to determine the different mineral phases that are present, 
and the results are shown in Figure 4.3. The minerals present are kaolinite (Al2Si2O5(OH)4), Calcite 
(CaCO3), Quartz (SiO2), Goethite (Fe(OH)3), Anhydrite (CaSO4), Orthoclase (KAlSi3O8), Siderite 
(FeCO3), Illite (KAl2Si3O10(OH)2), Marcasite (FeS2). These mineral phases correspond with the 
results from the XRF in Table 4.2. The minerals present in the ROM also correspond with minerals 
that have been characterized to be present in coal (Ward, 1989, 2002; Maledi, 2017).  
 















































4.2 Optimization of hydrocyclone classifier using the Taguchi method 
4.2.1 Signal to noise Analysis  
 % Ash U/F 
Signal noise to ratio was used to determine the optimum conditions that will be favorable for 
producing minimal ash in the underflow product and the results are displayed in Figure 4.4. The 
lower the better S/N ratio equation was used to determine the optimum conditions because the aim 
was to reduce the ash content that reports to the underflow. The lowest average of 23.53% ash was 
obtained at 10% solids, 15mm spigot size, 650µm F80, and 20Kpa inlet pressure. The obtained 
ash % is a 30.86% ash reduction of which is similar to the 30.95% ash reduction attained by Oruç 
et al., (2010). Oruç et al., (2010) attained a 30.95% reduction using a two-stage hydrocyclone set 
up. One stage operation obtained 21.95% ash reduction which is similar to a 22.91% ash reduction 
obtained by (Özbakir et al., 2017). The parameter level of significance was observed to be as 
follows:  spigot size (33.33% )> F80 (33.01%) > inlet pressure (18.77%) > % solids (14.89%).  
 




 Calorific Value (CV) 
Calorific value is one of the criteria used to assess the quality of coal, the higher the calorific value 
the higher the grade ranking. Since a higher calorific value is required on the U/F stream, a larger 
is better S/N ratio equation was used to optimize the calorific value of the coal. The operating 
conditions were 10% solids, 15mm spigot size, 530µm F80, and the inlet pressure of 50Kpa as 
shown in Figure 4.5. The parameters level of significance was as follows: inlet pressure (30.9%) 
> F80 (29.20%) > % solids (22.12%) > spigot size (18.58%). 
 
Figure 4.5: CV signal to noise ratio analysis 
 % Yield  
One of the parameters to judge the performance of the cyclone is to consider the % yield to the 
product stream i.e. underflow and overflow and in this case, the main product was the underflow 
stream. A normal plant would require obtaining a high yield to the underflow; therefore, this means 
that maximum yield was required meaning that larger is better S/N ratio equation was used. Figure 
4.6 illustrates the S/N ratio of all the parameters tested and to obtain the optimum conditions for 
maximum % coal yield U/F, the parameter option with the largest S/N was selected. Operational 




resulted in obtaining a maximum % yield to the underflow stream. The parameter level of 
significance was observed to be as follows: spigot size (46.18%) > F80 (20.11%) > inlet pressure 
(19.55%) > % solids (14.16%). This meant that spigot size is the most critical factor that 
contributes to the most variations in the % yield on the U/F. 
 
Figure 4.6: % yield signal to noise ratio analysis 
 d-50 Cut-size  
One of the desirable attributes of the performance of the hydrocyclone is the cut size (d50). The 
d50 can be adjusted easily and is affected by the investigated hydrocyclone parameters. Since a 
high cut-size was desirable for the project operation, a larger is better S/N ratio equation was used 
for optimization. The S/N ratio showed that operating at 10% solids, spigot size of 15mm, 770µm 
F80 and 40Kpa inlet pressure resulted in obtaining a higher d50 as shown in Figure 4.7. The 
parameter level of significance was obtained as follows: F80 (43.72%) >% solids (23.04%) > 






Figure 4.7: d50 signal to noise ratio analysis 
 % passing 150µm  
To minimize the % passing 150µm reporting to the U/F stream, a smaller is better S/N ratio 
equation was used. The conditions obtained resulted in the cyclone producing U/F product with 
minimum % passing 150µm. Figure 4.8 illustrates the signal to noise ratio curves, which displays 
the optimum conditions with the smallest S/N ratio. The desired operational parameters that could 
result in producing low % passing 150µm based on S/N ratio was found to be: % solids of 15%, 
25mm spigot size, 770µm F80, and 80Kpa inlet feed pressure. The parameter level of significance 
obtained was in the following order: F80 (52.40%) > % solids (26.11%) > spigot size (13.49%) > 





Figure 4.8: % passing 150µm signal to noise ratio analysis 
 % separation efficiency   
Since a hydrocyclone is a classifier, its performance needs to be judged by the % separation 
efficiency of the cyclone. Such a criterion helps to assess if the separation is efficient or not. Since 
higher efficiency was desirable for this process, a larger is better S/N ratio was used to maximize 
the efficiency of the process. The reports detail that to maximize the efficiency of the operated 
cyclone, the following conditions should be utilized: 13% solids, 20mm spigot size, 310µm F80, 
and the inlet pressure of 40Kpa as illustrated in Figure 4.9. The level of significance of each 
parameter was further assessed using S/N ratio and the level of significance was in the following 





Figure 4.9: % separation efficiency signal to noise ratio analysis 
The performance of the hydrocyclone has been observed to be affected by both operational and 
design variables(Yang et al., 2010). The understanding of this operational and design variable has 
been done. With the application of the ratio ratio, the level of significance of the parameters was 
determined. The level of significance was observed to vary depending on the response variable. 
The d50 most critical factor was observed to be the % solids (Slechta and Firth, 1984), however in 
this case the F80 was observed to be the most critical factor that influences the d50. Slechta and 
Firth, (1984) also observed that the pressure does not affect the d50 which is what was observed 
as the pressure showed the least contribution to variation of change of the d50. With regards to the 
% ash and the % yield the spigot size was observed to be the most critical factor, these findings 
were also similar to Özbakir et al., (2017) as it was found that the apex diameter of the 
hydrocyclone was the most sensitive factor towards the % ash and % recovery (% yield). All 
parameters contributed to equal variation towards the CV. Just like Farias et al., (2011), Wills, 
(2006), and Ni et al., (2019), it was observed that the % solids and the spigot size affect the % 
separation efficiency as the two operational parameters contributed similar % variation in response 




4.3 Regression Modelling and ANOVA 
Multiple regression (correlation) analysis and ANOVA (p-value) were used to produce regression 
models of each response variable with the p-value being used to study whether there is a significant 
relationship that exists between X and Y variables in the models. This analysis was carried out at 
a level of significance of each of α = 0.05 meaning a 95% level of confidence (Beers, 2020). In 
this case, computer methods were applied through Minitab 18 software which calculates the 
probability (p-value) of F-value greater or equal to the observed value. In the case of this project 
the hypothesis is stated as follows: 
 The null hypothesis (H0): There is no statistical significance between the tested parameter 
and the observed response variable. 
 The alternative hypothesis (H1): There is a statistically significant relationship between the 
tested parameter and the observed response variable. 
The null hypothesis is therefore rejected if the calculated probability (p-value) is less than or equal 
to the significance level (α). This means that if the p-value exceeds the 0.05 value, the contribution 
of that parameter is insignificant and does not contribute to the evaluation of the response variable. 
Note: 
€- Ash %, £-% Yield, Ç- CV, Ʃ- d50, Ƀ - % passing 150µm, Ø - % separation efficiency, Δ - % 
solids, ¥ - Spigot size, ₭ - F80, Ω – Inlet pressure. 
4.3.1 Variable response regression models 
Models of the response were generated through multiple regression analysis for the optimization 
of different response variables. Table 4.3 shows the correlation coefficient (R2), p-value, and the 
standard error of estimate of regression (S) of the models obtained. For response variables: ash %, 
% yield, CV, d50, and % passing 150µm; The models observed R2 showed a high correlation that 
exists between the observed outcomes and predicted outcomes. The % separation efficiency 
models showed a correlation of 59.59% which shows a fair correlation existing between the 
predicted and actual outcomes of the model. The models for ash %, % yield, CV, d50, and % 
passing 150µm also observed p-values of less than 0.05 which means that the relationship that 
exists between the response and operating variables in the model is statistically significant. The % 




exists between the response variable and operational variables is statistically not significant. It was 
also observed that the standard estimate error of the regression (S) for d50 was high compared to 
other response variables and this can be explained by high residuals obtained in the d50 response 
variable as shown in Figure 4.10  
Table 4.3: Correlation coefficient, p-value, and standard estimate error of regression of 
response variables 
Response variable  R2 p-value S 
Ash % 90.2 0.003 0.830238 
% Yield 93 0.001 3.96542 
CV (MJ/kg) 85.3 0.015 0.380451 
d50 (µm) 89.9 0.003 81.4073 
% Passing 150µm 93.36 <0.001 8.11507 
% Efficiency 59.95 0.469 16.6766 
 















Figure 4.10: d50 residual plot  
Equation 4.1 to 4.6 shows regression models that were used to study the effects of parameters on 
the response variables and the correlation between the actual response and the predicted response 




€  = 40.4 - 1.37(Δ) - 0.41(¥) - 0.0518(₭) + 0.0645(Ω) + 0.0968(Δ)2 + 0.0191(¥)2 + 0.000043(₭)2 
+ 0.001324(Ω)2 + 0.0146(Δ.¥) -0.00054(Δ.₭) - 0.0148(Δ.Ω) + 0.0001(¥.₭) - 0.00635(¥.Ω) + 
0.000233(₭ Ω)……..Equation 4.1 
Based on equation 4.1; increased % solids was observed to have decreasing effect on the ash % 
because increased % solids is associated with increased d50 which minimizes fines in the undeflow 
(Saengchan et al., 2009). Increasing effect of the spigot size was observed to increase the % 
separation efficiency of the hydrocyclone. Increased spigot size increases the pressure drop which 
enhaces material to flow to the apex of the hydrocyclone (Jiang, Liu, Yang, et al., 2019). An 
increase in the F80 was observed to have reducing effect on the % ash % as however this does not 
agree with the fundamentals of hydrocyclone as lower F80 contains more fines which are 
concentrated in ash %. An increase in the pressure was observed to have an increasing effect on 
the ash as the is reduced resistence of material to flow to the apex (Özgen et al., 2009; Oruç et al., 
2010) 
£ = -126 + 4.3(Δ) + 6.9(¥) + 0.294(₭) + 0.583(Ω) – 0.287(Δ)2 + 0.015(¥)2 - 0.00011(₭) 2 - 
0.00068(Ω)2 – 0.122(Δ.¥) + 0.00227(Δ.₭) + 0.0767(Δ.Ω) – 0.0057(¥.₭) – 0.0252(¥.Ω) – 
0.00156(₭.Ω)…………Equation 4.2 
 
Based on equation 4.2; a positive first order coefficient was observed for all parameters tested it 
was observed that models agrees with the fundamental working principles of the hydrocyclone. 
Increased % solids increases the water split ratio thus increasing the % yield (Ghodrat et al., 2013) 
Increasing the F80 increases the amount of material reporting to the underflow (Shojaeefard et al., 
2006). Increasing the spigot size results in reduced resistance of material to flow to the underflow 
hence increasing the % yield (Kilavuz and Gülsoy, (2011). Increased % solid increases the pressure 
drop which increases the amount of fines reporting to the underflow due to bypass effect (Ghodrat 
et al., 2013). 
Ç = 2.3 + 1.34(Δ) + 0.73(¥) + 0.0341(₭) – 0.0555(Ω) – 0.0301(Δ) 2 – 0.006(¥) 2 - 0.000015(₭) 2 





With reference to equation 4.3; the sign of the first order coefficient was observed to opposite to 
that of the ash %, which tends to agree with the fundamental working principles of hydrocyclone 
during coal washing. The % solids was observed to have positive coefficient which mean that 
increase in % solids increases the CV. The spigot size was observed to have a positive coefficient 
which meant that increasing the spigot size increased the CV, however fundamentally increasing 
the spigot size increases the ash % reporting to the underflow of which the CV was supposed to 
have reduced. The F80 was observed to have a positive coefficient which meant that it has an 
increasing effect on the CV, lower F80 generally contains fines which are highly concentrated in 
mineral matter. The pressure was observed to have reducing effect on the CV, this is because the 
ash % has direct relationship with the pressure. 
Ʃ = 2038 - 13(Δ) - 190(¥) - 0.69(₭) + 11.23(Ω) – 6.35(Δ) 2 + 4.04(¥) 2 + 0.00164₭) 2 – 
0.0748(Ω)2 + 3.09(Δ. ¥) + 0.0798(Δ.₭) + 0.94(Δ.Ω) – 0.002(¥.₭) – 0.108(¥.Ω) - 
0.0264(₭.Ω)…….Equation 4.4 
With reference to equation 4.4, the first order coefficient suggest that the increasing effect of % 
solids was observed to have reducing effect on the d50 of which opposes the fundamentals 
princicples of hydrocyclone as Tian et al., (2018) observed that the d50 has directly proportional 
relationship with the d50. Increasing the spigot size resulted in reduced d50 due to increased bypass 
of material to the underflow. Increase in the F80 was observed to have a reducing effect on the 
d50. Increasing pressure was also observed to have increasing effect on the d50, however the inlet 
pressure has an inversely proportional relationship with the d50 (Bennetts, 2019). 
Ƀ = 248 – 10.7(Δ) – 2.6(¥) - 0.247(₭) - 0.565(Ω) + 0.629(Δ) 2 – 0.055(¥) 2 -0.000012(₭) 2 – 
0.00095(Ω) 2 + 0.049(Δ.¥) – 0.00390(Δ.₭) – 0.093(Δ.Ω) + 0.0048(¥.₭) +  
0.0099(¥.Ω) + 0.00278(₭.Ω)………..Equation 4.5 
 
With reference to equation 4.5, the % passing 150 was observed to have a decreasing effect as all 
parameters were increased. However, this does not fundamentally agree with working principles 
of hydrocyclone as the opposite was expected i.e. having decreased % passing 150um as all 





Ø = -153 - 3.6(Δ) + 27.6(¥) - 0.39(₭) + 1.23 (Ω) + 1.36 (Δ) 2 - 0.710(¥) 2 + 0.000420(₭) 2 + 
0.0113(Ω) 2 + 0.28(Δ. ¥) - 0.0260(Δ.₭) - 0.370(Δ.Ω) - 0.0010(¥.₭) -  
0.0401(¥.Ω) + 0.00554(₭.Ω)………….Equation 4.6 
With reference to equation 4.6, increased % solids was observed to have decreasing effect on the 
% separation efficiency of the hydrocyclone due to the effects of hindered settling taking effects 
in the hydrocyclone system. Narasimha et al., (2012) and Ni et al., (2016) observed that hindered 
settling reduces the formation of air-core hence lowering the sharpness of separation. Increasing 
effect of the spigot size was observed to increase the % separation efficiency of the hydrocyclone 
and was in agreement with findings obtained by  Jiang, Liu, Yang, et al., (2019). An increase in 
the F80 was observed to have reducing effect on the % separation efficiency as however this does 
not agree with the fundamentals of hydrocyclone as F80 has direct relationship with the % 
separation efficiency (Marinuc and Rus, 2011; Tian et al., 2018). An increase in the pressure was 
observed to have an increasing effect on the % separation efficiency and such observation agrees 
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Figure 4.11: Relationship between actual and predicted values 
4.3.2 Effects of operational parameters on response variables  
4.3.2.1 Effect of operational parameters on ash %  
Figure 4.12 to Figure 4.17, shows surface plots of the parameter effects on the ash %. The 







Figure 4.12: Effect of the F80 and the inlet pressure on the ash % 
Figure 4.12 illustrates the effect of the F80 and the inlet pressure on the ash % at centre levels of 
spigot size and the % solids. The ash % in the underflow reduces with decreasing pressure from 
80 to 20Kpa and increasing F80 from 220 to 650µm, however, a slight increase in the ash % was 
observed as F80 increased from 650 to 770µm. The results are in agreement with Özgen et al., 
(2009) and Oruç et al., (2010) as it was observed that increasing pressure resulted in increasing % 
ash in the underflow. Through the observation of the ash profile, F80 of 220µm was observed to 
have a high concentration of ash. Small size particles increase the water split ratio which has an 
increasing effect of a bypass to the underflow as the inlet pressure increases (Ghodrat et al., 2013). 
For F80 of 220µm, reducing inlet pressure from 80 to 20Kpa increases the ash % in the underflow 
while for F80 of 770µm, reducing inlet pressure from 80 to 20Kpa reduced the ash %. This 
observation suggests that the changing effects of the inlet pressure to the ash % depends on the 
F80. It was observed that for a low inlet pressure of 20Kpa, an increase in the F80 from 220 to 
770µm decreases the ash %, while high pressure of 80Kpa resulted in increased ash % with an 
increase in the F80 from 220 to 770µm. This suggests that the changing effect of the particle size 
to the ash % depends on the particle size of the feed and when relating to Equation 4.1, the 
coefficient of both the % solids and spigot size were negative of which was then counter acted by 




















Figure 4.13: Effect of the spigot size and the inlet pressure on the ash % 
Figure 4.13 illustrates the effects of spigot size and inlet pressure on the ash % at centre levels of 
the % solids and the F80. The ash % in the underflow increased from 21.35 to 24.55% with an 
increase in both inlet pressure from 20 to 80Kpa and the spigot size from 15 to 25mm. A similar 
finding was reported by Özgen et al., (2009) and Özbakir et al., (2017). This was a result of the 
decreasing d50 that is caused by an increasing spigot diameter which also results in increased 
pressure drop (Jiang, Liu, Yang, et al., 2019). The ash % was observed to have remained constant 
as the spigot size was increased at high inlet pressure of 80Kpa while an exponential increase was 
































Figure 4.14: Effect of the spigot size and the F80 on the ash % 
Figure 4.14 depicts the effect of spigot size and F80 on the ash % at centre levels of the % solids 
and the spigot size. A decrease in the spigot size from 25 to 15mm coupled with two conditions of 
the F80 i.e. a decrease in F80 from 770 to 530µm of which ash % decrease from 22.91 to 19.95%, 
or an increase in the F80 220 to  µm of which the ash % decreases from 23.52 to 19.95%. Increasing 
the spigot size was observed to increase ash % in underflow (Özbakir et al., 2017). This is due to 
the increased air core diameter of the cyclone, which increases the pressure and increases ultrafine 
entrainment to the underflow. 
 
Figure 4.15: Effect of the % solids and the inlet pressure on the ash % 
Figure 4.15 illustrates the effect of % solids and inlet pressure on the ash % at centre levels of the 
F80 and the spigot size. It was observed that the ash % increases from 22.60 to 28.94% with 
reduced % solids from 15 to 5% and increased inlet pressure from 20 to 80Kpa; this findings were 
also observed by Özbakir et al., (2017) and Oruç et al., (2010). Increasing the % solids has been 
observed to increase the d50, thus reducing fines from reporting to the underflow as the ash is 
concentrated in fines (Saengchan et al., 2009). The findings also shows that the effect of increased 
% solids was dependent on the inlet pressure because low inlet pressure of 20Kpa, coupled with 
an increase in the % solid was observed to have an increase in the ash % from 20.37 to 22.60% 
while high inlet pressure of 80Kpa, coupled with increased % solids was observed to have a 


















of the inlet pressure depended on the % solids because low % solids of 5%, coupled with an 
increase in pressure from 20 to 80Kpa was observed to have an increase in ash % from 20.37 to 
28.94% while high % solids of 15%, coupled with increasing pressure from 20 to 80Kpa resulted 
in increased ash %, however the changes of the ash % were minimal at that point. The findings 
suggested a parameter interaction that existed between the % solids and the inlet pressure.  
 
Figure 4.16: Effect of the % solids and the spigot size on the ash % 
Figure 4.16 illustrates the effect of % solids and spigot size on the ash % at centre levels of the 
inlet pressure and the F80. An increase in ash % was observed as a result of reduced % solids from 
15 to 5% and increased spigot size from 15 to 25mm. Increasing the spigot size increases the 
pressure drop which results in reduced apex discharge resistance and this eventually leads to a 
decrease in the d50 due to increased recovery of solids in the underflow, hence, an increase in the 
ash % (Ni et al., 2016). Increased % solids increase the drag force that enables fine separation as 
the mineral matter is concentrated in small particle size. The increase in % solids eventually results 
in increasing the d50 (Kawatra et al., 1996). The effect of increasing % solids was observed to 
have a double effect when operating at a large spigot size of 25mm because increasing the % solids 
from 5 to 10% resulted in decreasing the ash % from 25.02 to 22.22%, and a further increase of 
the % solids from 10 to 15% resulted in the ash % increasing from 22.22 to 24.26%. The effect of 
increasing % solids which resulted in increased ash % was observed to be mitigated by decreasing 
the spigot size, because small spigot size of 15mm resulted in a decrease in the ash % from 23.46 
















interaction effect between % solids and spigot size on the ash % in the underflow stream of the 
hydrocyclone because the changing effects of those parameters to the ash % were dependable on 
each other. 
 
Figure 4.17: Effects of the % solids and the F80 on the % ash 
Figure 4.17 illustrates the effect of the % solids and F80 on the ash % at centre levels of the spigot 
size and the inlet pressure. The highest ash % of 27.62% was obtained by reducing % solids from 
15 to 5% coupled with increasing F80 from 530 to 770µm. This is because reducing % solids is 
coupled with decreasing the d50 (Tian et al., 2018). For both 5 and 15% solids, it was observed 
that a decrease in the F80 from 770 to 530µm, resulted in a decrease in the ash %, while a further 
decrease of the F80 from 530 to 220µm increased the ash %. The findings show that increasing 
the F80 from 530 to 770µm coupled with an increase in the % solids from 10 to 15% leads to an 
increase in ash % from 23.89 to 27.62%. This is because increasing the % solids is coupled with 
increasing the pressure drop which increases the underflow discharge, hence an increase in the 
mass recovery to the underflow which resulted in increased ash % (Ghodrat et al., 2013). The F80 
was observed to have a double effect on the ash % as the % solids increased, because an increase 
in the F80 from 220 to 530µm was observed to decrease the ash % from 24.06 to 20.63%, and a 
further increase of the F80 from 530 to 770µm, was observed to increase the ash % from 20.63 to 
23.72%. This suggests that regardless of the % solids in the feed, the ash % to the underflow 




















4.3.2.2 Effect of operational parameters on % yield 
Figure 4.18 to Figure 4.23, shows surface plots of the effect of operational parameters on the % 
yield, and these were explained with reference to Figure A- 3 and Figure A- 4 in the appendix.  
 
Figure 4.18: Effect of the F80 and the inlet pressure on the % yield 
Figure 4.18 depicts the effect of the F80 and the inlet pressure on the % yield at centre levels, the 
% solids, and the spigot size. A maximum yield of 91.40% from 83.74% was observed with a 
decrease in inlet pressure from 80 to 20Kpa and increasing F80 from 220 to 770µm. Shojaeefard 
et al., (2006) studied the effect of the particle size (F80) on hydrocyclone performance and 
concluded that the number of particles reporting to the underflow increases with an increase in 
particle size (F80). The pressure has been documented to have no relationship with the % yield 
(Kılavuz and Gülsoy, 2011). It was also observed that the effect of the inlet pressure on the % yield 
depends on the F80 used, because increasing pressure from 20 to 80Kpa resulted in an increase in 
% yield from 57.78 to 83.74% for low F80 of 220µm, while a high F80 of 770µm resulted in the 
% yield decreasing from 91.40 to 65.73%. It was also observed that effect of the F80 on the % 
yield depends on the inlet pressure of the feed, because low operating pressures of 20Kpa shows 
that the % yield increases from 57.78 to 91.40% as the F80 increases from 220 to 770µm, and 
when operating with high inlet pressure of 80Kpa, an increase in the F80 from 220 to 770µm, 
resulted in a % yield decrease from 83.73 to 65.73%. The findings suggest a clear parameter 



















parameters are dependable on each other. The changing effects (increase/ decrease) of the inlet 
pressure on the % yield depends on the F80 of the feed. 
 
Figure 4.19: Effect of the spigot size and the inlet pressure on the % yield 
Figure 4.19 illustrates the effect of the spigot size and the inlet pressure on the % yield at centre 
level of the % solids and the F80. A maximum yield of 98.35% was observed with an increase in 
the spigot size from 15 to 25mm and reducing the inlet pressure from 80 to 20Kpa. Kilavuz and 
Gülsoy, (2011) observed a similar trend with regards to the spigot size increase which causes a 
reduced resistance flow of the feed to the underflow, hence a lower % yield was observed. It was 
notice that the effect of increased inlet pressure on the % yield was dependent on the spigot size, 
because a % yield increase from 68.55 to 76.17% was observed as the inlet pressure increased 
from 20 to 80Kpa when small spigot size of 15mm was used; this is because small spigot size 
increases the accumulation of solids, hence decreasing the air core which will result in roping and 
increase in bypass material(C. Zhang et al., 2019). The % yield, however, decreased with large 
spigot size i.e. 25mm from 98.35 to 90.82%. The dependability of these parameters on the response 



















Figure 4.20: Effect of the spigot size and the F80 on the % yield 
Figure 4.20 depicts the effect of the F80 and the spigot size on the % yield at centre levels of the 
% solids and the inlet pressure. The % coal yield was observed to increase from 52.78 to 82.87% 
when both the spigot size and the F80 increases. The findings are similar to Kilavuz and Gülsoy, 
(2011) who observed that increasing spigot size increases volumetric recovery of the underflow. 
Shojaeefard et al., (2006) observed that increasing the particle size (F80) increases the number of 
particles that report to the underflow. The findings also shows that % yield increases with an 
increase in the F80 coupled with operation of small spigot size which could have caused roping 
phenomenon which causes the total solids reporting to the underflow to increase due to a decrease 
in the diameter of air-core that enhances separation (Kılavuz and Gülsoy, 2011; C. Zhang et al., 
2019). It was observed that the effect of the F80 was dependent on the spigot size, because at large 
spigot size of 25mm, the coal yield was observed to decrease from 90.73 to 82.87% with increasing 
F80 from 220 to 770µm, while at small spigot size of 15mm, the % yield was observed to increase 
from 52.78 to 76.26% with an increase in the F80 from 220 to 770µm. This was an indication of 
parameter effect being observed between the F80 and the spigot size, as the changing effect 
(increasing/ decreasing) of the F80 to the % yield depends on the spigot size of the hydrocyclone. 
Similarly, the changing effect (increasing/decreasing) of the spigot size to the % yield depends on 





















Figure 4.21: Effect of the % solids and the inlet pressure on the % yield 
Figure 4.21 illustrates the effect of the % solids and the inlet pressure on the % yield at the centre 
levels of the spigot size and the F80. An increase in both the % solids and the inlet pressure 
increased the % yield from 81.90 to 92.93%. Ghodrat et al., (2013) observed that increasing % 
solids increases the amount of fines that report to the underflow which on the other hand enhances 
an increase in the pressure drop which results in increased % yield. The effect of increasing inlet 
pressure was observed to depend on the % solids of the feed because low % solids of 5%, showed 
a % yield decrease from 81.90 to 58.94% as the inlet pressure increased from 20 to 80Kpa, while 
high % solids i.e. 15%, the % yield increased from 69.88 to 92.94% as inlet pressure increased 
from 20 to 80Kpa. Also, the effect of increasing the % solids varied depending on the inlet pressure 
because a % yield decrease from 81.90 to 69.88% was observed at 20Kpa as the % solids increased 
from 5 to 15%, while the % yield increased from 58.94 to 92.94% at 80Kpa with increasing % 
solids from 5 to 15%. The findings showed a parameter interaction between the % solid and the 




















Figure 4.22: Effect of the % solid and the F80 on the % yield 
Figure 4.22 illustrates the effect of the % solids and the F80 on the % yield at centre levels of the 
spigot size and the inlet pressure. The findings showed that an increase in both the % solids from 
5 to 15% and the F80 from 220 to 770µm resulted in increasing the % yield from 61.84 to 80.61%. 
Ghodrat et al., (2013) observed that increasing the % solids increases the water split ratio, which 
increases by-pass of material hence increasing the % yield to the underflow. An increasing number 
of particles (% yield) reporting to the underflow was noticed by Shojaeefard et al., (2006) when 
the particle size (F80) of the feed was increased. Both the % solids and the F80 were observed to 
have a double effect on the % yield because a feed of 220µm F80 coupled with an increase in % 
solid from 5 to 10%, had an increase in the % yield from 61.85 to 71.38%; a further increase of 
the % solids from 10% to 15% using the same F80, resulted in a decrease in the % yield from 
71.38% to 66.55%. On the other hand, it was also observed that low % solids of 5% coupled with 
an increasing F80 from 220 to 650µm, resulted in the % yield increasing from 61.85% to 80.00%, 
and contrary to that, a further increase of the F80 from 650 to 770µm, resulted in a % yield decrease 
from 80.00 to 63.40%. The findings suggest that the effects of both low F80 and low % solids to 


















Figure 4.23: Effect of the % solids and the spigot size on the % yield 
Figure 4.23 illustrates the effect of the % solids and the spigot size on the % yield at centre levels 
of the F80 and the inlet pressure. An increase in both the spigot size from 15 to 25mm and the % 
solids from 5 to 15% resulted in an increase in the % yield from 59.04 to 85.47%. Ghodrat et al., 
(2013) observed that increasing the spigot size and the % solids increase the % coal recovery to 
the underflow. The findings observed that the degree of % yield reporting to the underflow coupled 
with an increase in % solids was higher at a larger spigot size of 25mm, because the % yield 
increased from 76.10 to 85.48% compared to a small size of 15mm which obtained an increasing 
yield from 59.04 to 80.65. Both small and large spigot size was observed to increase the % yield 
as the % solids increases. It was also observed that, regardless of the % solids of the feed, 

















4.3.2.3 Effect of operational parameters on CV  
Figure 4.24 to Figure 4.29, depicts the effect of operational parameters on the CV and was 
explained with reference to Figure A- 5 and Figure A- 6 in the appendix. The calorific value is 
affected by the ash % in the coal since reducing the ash improves the quality of the coal in 
terms of calorific value (Shivaprasad et al., 2010; Behera et al., 2018).  
 
Figure 4.24: Effect of the F80 and the inlet pressure on the CV 
Figure 4.24 depicts the effect of the inlet pressure and the F80 on the CV at centre levels of the 
% solids and the spigot size. It was observed that the CV increases from 22.07 to 24.01 MJ/kg 
with an increase in the F80 from 220 to 530µm coupled with reducing the inlet pressure from 
80 to 20Kpa. Increasing the F80 from 220 to 770µm was observed to have marginal changes 






















Figure 4.25: Effect of the spigot size and the inlet pressure on the CV 
Figure 4.25 depicts the effect of the spigot size and the inlet pressure on the CV at centre levels 
of the % solids and the F80. A maximum CV of 24.06 MJ/kg was observed at 50Kpa inlet 
pressure and 25mm spigot size. It was observed that reducing the spigot size from 25 to 15mm 
coupled with a further increase of the inlet pressure from 50 to 80Kpa would result in a reduced 
CV to 23.00 MJ/kg. There was no parameter interaction observed between spigot size and inlet 
pressure as the effects of changing inlet pressure was not dependent on the spigot size.  
 
Figure 4.26: Effect of the % solids and the inlet pressure on the CV 
Figure 4.26 shows the effect of % the solids and the inlet pressure on the CV at centre levels 
of the spigot size and the F80. It was observed the % solids and the inlet pressure do not affect 































Figure 4.27: Effect of the % solids and the F80 on the CV 
Figure 4.27 shows the effect of % the solids and the F80 on the CV at centre levels of the spigot 
size and the inlet pressure. A maximum CV of 23.96 MJ/kg was observed when operating at 
10% solids and an F80 of 530µm. According to Oruç et al., (2010) reducing the % solids 
increase the ash % which lowers the CV of which the findings were applicable when treating 
F80 feed of 220µm. The effect of the F80 was observed to be dependent on the % solids of the 
feed which suggested that there was a parameter interaction that existed between the % solids 
and the F80 of the feed.  
 
Figure 4.28: Effect of the % solids and the spigot size on the CV 
 Figure 4.28 depicts the effects of the % solids and the spigot size on the CV at centre levels of 
the F80 and the inlet pressure. The maximum CV of 24.06 MJ/kg was obtained by decreasing 































increase in the spigot size increases the ash % which reduced the CV (Oruç et al., 2010). An 
increase in the % solids was expected to increase the CV, because an increase of the % solids 
reduces the ash % (Özgen et al., 2009), however that was found to be applicable when the 
spigot size decreased from 25 to 15mm. A maximum CV of 23.82 MJ/kg was also observed as 
% solids from 5 to 10% while keeping the spigot size constant at 25mm. These findings also 
show that the effect of % solids depends on the spigot size used because a small spigot size of 
15mm resulted in an increase in CV from 22.22 to 23.38 MJ/kg as the % solids increased from 
5 to 10%, while a large spigot size of 25mm, the CV decreased from 24.06 to 22.80 MJ/kg with 
increasing % solids from 10 to 15%. The changing effects of the % solids to the CV depended 
on the spigot size which displayed a parameter interaction between the spigot size and the % 
solids. 
 
Figure 4.29: Effect of the spigot size and the F80 on the CV 
Figure 4.29  depicts the effects of the spigot size and the F80 on the CV at centre levels of the 
% solids and the inlet pressure. It was observed that the highest CV of 23.97 MJ/kg was 
obtained with a decrease in the spigot size from 25 to 15mm and a reduction of the F80 from 
770 to 530µm or an increased F80 from 220 to 530µm. Özgen et al., (2009) and Oruç et al., 
(2010) also observed that reducing the spigot size reduces the ash content which would 
decrease the CV of the coal. However, the results show that their explanation is applicable 
when operating with a feed of 770µm F80. The effect of the F80 was observed to depend on 



















The changes in the CV produced a small marginal change as operational parameters showed 
that changes in variation are small. The contribution to changes in CV by these parameters was 
equal which makes operational parameters have little effect on the CV. Therefore, it becomes 
difficult to use it as a performance criterion for hydrocyclone classification in coal processing 






4.3.2.4 Effect of operational parameters on the d50 
Figure 4.30 to Figure 4.35, depicts the effect of variable parameters on the d50 cut size and 
were discussed with the assistance of Figure A- 7 and Figure A- 8 in the appendix. 
 
Figure 4.30: Effect of the F80 and the inlet pressure on the d50 
Figure 4.30 shows the effect of the F80 and the inlet pressure on the d50 at centre levels of the 
% solids and the spigot size. The d50 increased from 340.06 to 675.57µm with an increase in 
the F80 from 220 to 770µm, coupled with a decrease in the inlet pressure from 80 to 20Kpa. 
These findings observed were in agreement with Bennetts, (2019) and Neesse et al., (2015) 
that the inlet pressure has an inversely proportional relationship with the d50. Increasing the 
pressure results in an increase of total solids concentration as fines are captured in the 
underflow with the coarse particles. This is known as the by-pass effect. This means the impact 
on d50 will be decided upon the particle size distribution of the feed, i.e. the F80 (Kılavuz and 
Gülsoy, 2011). It was observed that the effect of the inlet pressure was dependent on the F80 
of the feed because a pressure increase from 20 to 80Kpa resulted in increasing the d50 from 
26.00 to 340.06µm for small F80 feed of 220µm, while feed that constitute of large F80 in this 
case i.e. 770µm, resulted in reducing d50 from 675.57 to 119.2µm. The observed outcomes 
showed that there was a parameter interaction that existed between the F80 of the feed and the 
inlet pressure, because the changing effect of the F80 to the d50 depended on the inlet pressure, 
and adding on to that, the changing effect of the inlet pressure to the d50 depended on the F80 




















Figure 4.31: Effect of the spigot size and the inlet pressure on the d50 
Figure 4.31 displays the effect of the spigot size and the inlet pressure on the d50 at centre 
levels of the F80 and the % solids. The d50 was observed to increase from 105.68 to 332.89µm 
with a decrease in the inlet pressure from 80 to 20Kpa coupled with a decrease in the spigot 
size from 20 to 15mm. The findings also observed that increasing the spigot size from 20 to 
25mm increased the d50 from 105.68 to 325.41µm. The spigot size was observed to have a 
double effect on the d50, because an increase of the spigot size i.e. from 20 to 25mm increased 
the d50, while increasing the spigot size from 15 to 20mm decreased the d50. Muzanenhamp, 
(2014) observed similar findings that increasing the spigot size decreases the d50. An increase 
in the spigot size decreases the pressure drop because of reduced discharge resistance which 
increases fines by passing to the underflow, because the efficiency shifts to the left which 
suggests a reduced d50 (Jiang, Liu, Yang, et al., 2019), this was observed to applicable from a 
spigot size range from 15 to 20mm. A decrease in the spigot size from 20 to 25mm was 
observed to decrease the d50 because the coarse particles are being entrained to the overflow 
hence reducing the d50 (Ni et al., 2016). As observed in Figure 4.30, increased pressure drop 
results in decreased d50 because increasing pressure increases the centrifugal forces providing 



















Figure 4.32: Effect of the spigot size and the F80 on the d50 
Figure 4.32 shows the effect of the spigot size and the F80 on the d50 at the centre level of the 
% solids and the inlet pressure. The highest d50 of 588.88 from 334.21µm was obtained by 
reducing the spigot size coupled with increasing the F80 of the feed. This is because increasing 
the spigot size increases the probability of finer particles crossing the line of zero vertical 
velocity, resulting in a decrease in the d50 (Muzanenhamp, 2014). The outcomes show that the 
d50 for a high F80 size is higher than that of a low F80 regardless of the spigot size used. This 
means that the d50 is dependent on the concentration of fines present in the slurry. A parameter 
interaction was observed between the spigot size and the F80, because the changing effect of 
the spigot size to the d50 depended on the F80 of the feed. 
 






























Figure 4.33 displays the effect of the inlet pressure and the % solids on the d50 at the centre 
level of the spigot size and the F80. It was observed that an increase in the % solids from 5 to 
10% coupled with a decrease in the inlet pressure from 80 to 20Kpa resulted in an increase in 
the d50. A further increase in the % solids from 10 to 15% was observed to decrease the d50. 
c observed a similar trend as increasing inlet pressure resulted in a decrease in the d50. Tian et 
al., (2018) observed that the % solids in the feed has a directly proportional relationship with 
the d50, because increasing the % solids results in increasing the viscosity, which causes the 
settling rate to decrease, hence, causing the d50 to increase due to the increased drag force 
acting on the particles (Kawatra et al., 1996). The findings show that the effect of inlet pressure 
depends on the % solids of the feed as observed by Jiang et al.,( 2018) because increasing the 
inlet pressure at low % solids resulted in the d50 decreasing from 168.38 to less than 25µm, 
while high % solids concentration increased the d50 from less than 25 to 131.19µm. This was 
an indication of parameter interaction between the % solids and the inlet pressure. The findings 
also revealed that operating at 5% solids and pressures greater than 40kpa, the cut size is finer 
at less than 100µm, because such material easily report to the underflow due to increased 
operating pressures at very low % solid feed. 
 
Figure 4.34: Effect of the % solids and the F80 on the d50 
Figure 4.34 shows the effect of the % solids and the F80 on the d50 at the centre levels of the 
inlet pressure and the spigot size. The d50 was observed to increase from 159.20 to 458.31µm 
with an increase in both the % solids and the F80 of the feed. According to Tian et al., (2018), 
the % solids is directly proportional to the d50. The observations, in this case, confirm the 
observations made in Figure 4.32. Other findings show that the change in the d50 depends on 


















5 to 10% resulted in an increase in the d50 from 159.20 to 250.36µm, and a further increase of 
the % solids from 10 to 15% reduced the d50 from 250.36 to 24.02 µm which is less than 
100µm; this suggested that the d50 can be increased by decreasing the % solids at F80 of 
220µm. For a high F80 of 770µm, the d50 increases from 154.33 to 458.31µm with an increase 
in the % solids, because reducing the F80 increases the concentration of fines in the feed as 
observed in the PSDs of the different F80 feeds. The findings also suggested a parameter 
interaction that existed between the % solids and F80 of the feed which implored that the 
changing effects of the % solids to the d50 depends on the F80 of the feed and vice-versa. 
 
Figure 4.35: Effect of the % solids and the spigot size on the d50 
Figure 4.35 depicts the effect of the % solids and the spigot size on the d50 at the centre levels 
of the inlet pressure and the F80. The d50 was observed to increase from 276.73 to 379.04µm 
with an increase in the % solids from 5 to 13% and an increase in the spigot size from 18 to 
25mm. Ni et al., (2016) reported that an increase in the spigot size decreases the d50 and it was 
observed that such a trend was possible at 5% solids i.e. a low solid concentration. The effect 
of increasing % solids on the d50 was observed to depend on the spigot size used, because 
increasing the % solids from 5 to 10% with a small spigot size of 15mm resulted in the d50 
increasing from 231.02 to 355.28µm, a further increase of the % solids from 10 to 15%, 
decreases the d50 due to rapid build-up of material at the bottom of the cone as there is reduced 
air core which enhances the pressure drop. Increasing the % solids from 5 to 13% with a large 
spigot size of 25mm resulted in an increase in the d50 from 36.79 to 330.02µm. This is because 
coarse particles are less suspended near the vortex (Jiang et al., 2018). However, a further 

















reduce the d50 from 330.02 to 276.33µm. The changing effects of the % solids to the d50 
depended on the spigot size. Similarly, it was observed that the changing effects of the spigot 
size on the d50 depended on the % solids, thus indicating a parameter interaction existing 





4.3.2.5 Effect of operational parameters on % passing 150µm 
Figure 4.36 to Figure 4.41, illustrates the effect of the operational parameters on the % passing 
150µm in the hydrocyclone underflow product. This has also been referred to as ultrafine 
material in the ore. It was observed that the % passing 150µm is dependent upon the d50 that 
was previously discussed. The analysis was discussed with reference to Figure A- 9 and Figure 
A- 10 in the appendix. It was observed that an increase in -150µm content reduced the d50, 
whilst a decrease in -150µm content increased the d50. 
 
Figure 4.36: Effect of the F80 and the inlet pressure on the % passing 150µm 
Figure 4.36 shows the effect of the F80 and the inlet pressure on the % passing 150µm at the 
centre levels of the % solids and the spigot size. Findings show that increasing the inlet pressure 
from 20 to 80Kpa coupled with reducing the F80 from 770µm to 220µm increased the % 
passing 150µm fractions from less than 10% to 36.03%. This was due to that these conditions 
are coupled with a reduction of the d50, hence an increase in % passing 150µm was observed. 
An increase in the inlet pressure will result in decreasing d50 (Neesse et al., 2015; Bennetts, 
2019), hence the increase in % passing 150µm. However, it was observed the effect of 
increasing pressure on the % passing 150µm varied depending on the F80 of the feed. A low 
F80 feed of 220µm coupled with an increase in the inlet pressure from 20 to 80Kpa was 
observed to have minimized the -150µm reporting to the underflow 82.54 to 36.03%; the d50, 
in that case, was increased. On the other hand, a high F80 feed of 770µm coupled with an 
increase in the pressure from 20 to 80Kpa resulted in the -150µm content increasing from less 
than 10.00 to 47.00%, therefore, under those conditions, the d50 was reduced. It was observed 
that there was a parameter interaction between the F80 and the inlet pressure because the 



















dependent on the inlet pressure of the feed. Likewise, the changing effects of the inlet pressure 
to the % passing 150µm content was observed to be dependent on the F80 of the feed. 
 
Figure 4.37: Effect of the spigot size and the inlet pressure on the % passing 150µm 
Figure 4.37 shows the effect of the spigot size and the inlet pressure on the % passing 150µm 
at the centre levels of the % solids and the F80. The findings show that the % passing 150µm 
in the underflow increased from 32.72 to 46.95% with an increase in the inlet pressure from 20 
to 80Kpa coupled with a decrease in the spigot size from 25 to 15mm and that is because of a 
reduced d50. The statement of decreased d50 (which causes the % passing 150µm to increase 
from 30.62 to 43.61% with increasing pressure) as a result to increased spigot size was however 
inconclusive. Even for large spigot size of 25mm, it was observed that increasing the inlet 
pressure resulted in increasing the % passing 150µm content. This meant that regardless of the 




















Figure 4.38: Effect of the spigot size and the F80 on the % passing 150µm 
Figure 4.38 illustrates the effects of the F80 and the spigot size on the % passing 150µm at the 
centre levels of the % solids and the inlet pressure. The % passing 150µm content in the 
underflow increased from 22.05 to 72.70% with reducing the spigot size from 25 to 15mm and 
reducing the F80 from 770 to 220µm. An Increase in the spigot size, in this case, increased the 
d50. It was observed that a high F80 feed resulted in no changes in the % passing 150µm when 
the spigot size was increased, it was only with a low F80 feed which observed a decrease in % 
passing 150µm when spigot size is increased. 
 
Figure 4.39: Effect of the % solids and the inlet pressure on the % passing 150µm 
Figure 4.39 shows the effect of the % solids and the inlet pressure on the % passing 150µm at 
the centre levels of the spigot size and the F80. It was observed that the -150µm content 
































to 5% and increasing the inlet pressure from 20 to 80Kpa. Increasing the % solids was reported 
to increase the d50 by Tian et al., (2018) and Narasimha et al., (2012) which meant that there 
was a reduction in the % passing 150µm in the underflow. It was observed that the effect of 
increasing pressure depended on the % solids of the feed because the % passing 150µm 
increased from 63.40 to 90.70% at low % solids of 5% coupled with an increase in the inlet 
pressure from 20 to 80Kpa, while a high % solids of 15% showed that the % passing 150µm 
decreased from 53.92 to 25.72% as the inlet pressure increased from 20 to 80Kpa. The changing 
effect of the inlet pressure to the % passing 150µm was observed to be depended on the % 
solids of the feed which suggested a parameter interaction between the inlet pressure and the 
% solids. 
 
Figure 4.40: Effect of the % solid and the F80 on the % passing 150µm 
Figure 4.40 shows the effect of the % solids and the F80 on the % passing 150µm at the centre 
levels of the spigot size and the inlet pressure. The analysis shows that the -150µm content 
increased from 17.00 to 89.10% as the F80 and the % solids were reduced from 770 to 220µm 
and 15 to 5% respectively. Reducing the % solids results in decreasing the d50 (Kawatra et al., 
1996; Narasimha et al., 2012), hence an increase in the -150µm content. The findings showed 
that the changing effects of F80 to the % passing 150µm depended on the % solids of the feed 
and vice-versa; this then suggested that a parameter interaction between the F80 and the % 
solid existed because the changing effects of % solids to the % passing 150µm depend on the 



















Figure 4.41: Effect of the % solids and the spigot size on the % passing 150µm 
Figure 4.41 shows the effect of the % solids and the spigot size on the % passing 150µm at the 
centre levels of the inlet pressure and the F80. The findings show that the % passing 150µm 
increased from 33.18 to 85.10% with a reduction on both the spigot size from 25 to 15mm and 
the % solids from 15 to 5% respectively. According to Ni et al., (2016) and Jiang, Liu, Yang, 
et al., (2019), increasing the spigot size results in a decrease in the d50, however, this was 
applicable at a high % solids of 15 as low % passing 150µm was obtained. No parameter 
















4.3.2.6 Effect of operational parameters on the % separation efficiency  
Figure 4.42 to Figure 4.47, shows the effect of operational parameters on the % separation 
efficiency of the hydrocyclone and was analyzed with reference to Figure A- 11 and Figure A- 
12 in the appendix. 
 
Figure 4.42: Effect of the % solids and the spigot size on the % separation efficiency 
Figure 4.42 shows the effect of the % solids and the spigot size on % separation efficiency at 
the centre levels of the F80 and the inlet pressure. The maximum % separation efficiency of 
90.95% from 29.91% was obtained by decreasing the % solids from 10 to 5% coupled with an 
increase of the spigot size from 15 to 20mm. A further increase in the spigot size would result 
in the % separation efficiency decreasing from 90.95 to 63.70%. An increase in the % solids 
for example 5 to 10%, led to hindered settling environments which lower the sharpness of 
separation (Tian et al., 2018). The effect of increasing the spigot size to the % separation 
efficiency depended on the % solids of the feed, because at low % solids, an increase in the 
spigot size showed that  the % separation efficiency decreased from 82.70 to 63.70%, while a 
high % solids showed that the % separation efficiency increases from 44.91 to 53.46% with an 
increase in the spigot size. This shows that the optimization of spigot size is dependent on the 
% solids as observed by Ni et al., (2019). The observation made was because a small spigot 
size coupled with an increase in the % solids led to low % separation efficiencies and this could 
be due to roping effect. For a large spigot size of 25mm, it was observed that the % separation 
efficiency increased as both the % solids were reduced from 10 to 5% and from 15 to 10%. On 

















efficiency was observed to be dependent on the % solids of the feed which suggested a 
parameter interaction existing between the % solids and the spigot size. 
 
Figure 4.43: Effects of the F80 and the inlet pressure on the % separation efficiency 
Figure 4.43 depicts the effect of the F80 and the inlet pressure on % separation efficiency at 
the centre levels of the % solids and the spigot size. An increase in both the inlet pressure from 
20 to 80Kpa and the F80 from 220 to 770µm, increased the % separation efficiency. Tian et 
al., (2018) and Marinuc and Rus, (2011) reported that the particle size (F80) has a directly 
proportional relationship with the % separation efficiency. The pressure drop was also observed 
to have a direct relationship with the % separation efficiency due to that centrifugal force on 
particles becomes greater than the sedimentation resistance which makes the radial equilibrium 
position of particles to be closer to the hydrocyclone's wall (Jiang et al., 2018). It was also 
observed that the effect of the % separation efficiency depended on the F80, because a low F80 
feed of 220µm coupled with an increase in the inlet pressure was observed to have a decrease 
in the % separation efficiency; however, the decrease in the % separation efficiency was 
marginal due to that the low F80 feeds size have been observed to be affected less by centrifugal 
force (Jiang, Liu, Zhang, et al., 2019). Contrary to a low F80 feed, a high F80 feeds increased 
the % separation efficiency as the inlet pressure increased from 20 to 80Kpa. This was also in 
agreement with Jiang, Liu, Zhang, et al., (2019), that coarse particle (high F80) was observed 
to have an increasing separation efficiency with an increase in the inlet pressure. Such findings 
suggested that there was a parameter interaction between the F80 and the inlet pressure because 
the changing effects of the F80 to the % separation efficiency were observed to be dependent 
on the inlet pressure of the feed. Similarly, the changing effects of the inlet pressure of the feed 



















Figure 4.44: Effect of the spigot size and the inlet pressure on the % separation efficiency 
Figure 4.44 shows the effect of the inlet pressure and the spigot size on % separation efficiency 
at the centre levels of the % solids and the F80. It was observed that the % separation efficiency 
increased from 22.68 to 73.34% with a decrease in the spigot size from 25 to 20mm and an 
increase in the inlet pressure from 20 to 80Kpa. The findings were in contradiction with Ni et 
al., (2016), Jiang, Liu, Yang, et al., (2019), and Kyriakidis et al., (2018), as they reported that 
the underflow diameter (spigot size) is directly proportional to the % separation efficiency; 
their findings were only applicable as the spigot size increased from 15 to 20mm because the 
% separation efficiency increased from 15.88 to 73.34% with an increase in the inlet pressure 
from 20 to 80Kpa. Further analysis showed that increasing the inlet pressure resulted in an 
increase in the % separation efficiency for both small (15mm) and large spigot sizes (25mm). 
The % separation efficiency could be lower for large spigot size due to increased radial 
acceleration as the air core diameter increases which could cause an increased bypass effect to 




















Figure 4.45: Effect of the spigot size and the F80 on the % separation efficiency 
Figure 4.45 shows the effect of the spigot size and the F80 on the % separation efficiency at 
the centre levels of the % solids and the inlet pressure. It was observed that the % separation 
efficiency increased from 25.96 to 84.35% by reducing the spigot size from 25 to 20mm 
coupled with increasing the F80 from 530 to 770µm. Having high content of ultrafines in the 
feed led to lower separation efficiencies due to entrainment. The % separation efficiency was 
observed to decrease significantly when operating with feed of a low F80 coupled with 
increased spigot size. The effect of spigot size, in this case, opposes what Jiang, Liu, Yang, et 
al., (2019) observed because an increase in spigot size increases the pressure drop which 
increases the % separation efficiencies. However, Jiang, Liu, Yang, et al., (2019) observations 
were applicable with an increase of spigot size from 15 to 20mm; a further increase from 20 to 
25mm resulted in a decrease in the % separation efficiency. Both the spigot size and the F80 
were observed to have a double effect on the % separation efficiency because it was observed 
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Figure 4.46: Effect of the % solids and the inlet pressure on the % separation efficiency 
Figure 4.46 shows the effect of the % solids and the inlet pressure on % separation efficiency 
at the centre levels of the F80 and the spigot size. The % separation efficiency of greater than 
90% was observed with an increase in the inlet pressure from 20 to 80Kpa and a reduction in 
the % solids from 15 to 5%. Narasimha et al., (2012) and Ni et al., (2016) concluded that 
increasing the % solids led to increasing viscosity wherein the tangential velocity is suppressed 
to the event of preventing the formation of air-cone and spiral movement. It was noticed that 
the effect of increasing inlet pressure depended on the % solids of the feed because the % 
separation efficiency increased from 24.45 to greater than 90% at a low % solids of 5% with 
an increase in the inlet pressure from 20 to 80Kpa, while for high % solids of 15%, the % 
separation efficiency decreased from levels greater than 90 to 39.76% with an increase in the 
inlet pressure from 20 to 80Kpa. The changing effects of the % solids to the % separation 
efficiency depended on the inlet pressure. Similarly, the changing effects of the inlet pressure 
depend on the % solids of the feed which shows an interaction existing between the % solids 



















Figure 4.47: Effect of the % solids and the F80 on % separation efficiency 
Figure 4.47 shows the effect of the % solids and the F80 on the % separation efficiency at the 
centre levels of the inlet pressure and the spigot size. Findings show that the % separation 
efficiency increased with increasing the F80 from 220 to 770µm coupled with a reduction of 
the % solids from 15 to 5%. Increasing the % solids results in a decreased air-core due to the 
compressibility of the air phase in the presence of granular solids which lowers the % 
separation efficiency (Narasimha et al., 2012). It was observed that the effect of the % solids 
depends on the F80 of the feed because increasing the % solids from 5 to 15% with a low F80 
220µm resulted in an increase in the % separation efficiency, whilst a high F80 feed of 770µm 
deteriorates the separation efficiency with increased % solids from 5 to 15%. Narasimha et al., 
(2012) observed that air-core was being reduced by compression of granular effect. It’s, 
therefore, possible that the degree of the air core being reduced is greater when operating with 
large particle sizes. It was also noted that the changing effects of the % solids to the % 
separation efficiency depended on the F80 of the feed which shows parameter interaction 



















4.4 Optimization of hydrocyclone classifier variables 
The performance of the hydrocyclone classifier was assessed based on the ash % content, % yield, 
CV, d50, % separation efficiency, and in this case, the % passing 150µm. The optimization 
criterion was to maximize the % yield, CV, d50, and the % separation efficiency while minimizing 
the ash % and the % passing 150µm in the underflow stream of the hydrocyclone. Through the 
regression models generated, it was observed that meeting the desired optimum response variable 
criterion, the operating parameters would have to be 10% solids slurry, 20mm spigot size, 770µm 
F80, and the inlet pressure of 50kpa as shown in Figure 4.48. This setting would yield the 25.23% 
of -150µm reporting to the underflow with d50 of 465.08µm, % yield of 79.18%, % separation 
efficiency of 84.35%, the calorific value of 23.06 MJ/kg, and minimum ash % of 23.72. 
  
Figure 4.48: Optimization report summary 
The optimized conditions were further tested to determine whether the models are significant 
enough to be used as predictors in the optimization of the hydrocyclone classifier. The % error was 




is 10% (Jules, 2018). It was observed that the accuracy of ash %, CV, % yield, and d50 model was 
very good compared the % passing 150um and % separation efficiency which reported % error 
greater than 10%  
Table 4.4: Model accuracy test 
Response Predicted Actual % Error 
% Ash 23.71 25.81 8.85 
CV(MJ/kg) 23.06 23.74 2.95 
% Yield 79.18 83 4.80 
d50 465 462 0.60 
% Passing 25.23 30.43 20.61 





















Chapter 5 : Conclusions and Recommendations 
5.1 Conclusions  
The primary objective as stated in chapter one, was to optimize the hydrocyclone classifier in the 
beneficiation of fine coal using the Taguchi approach. The research questions investigated, and the 
findings are presented below: 
5.1.1 What is the mineralogical composition and rank of the coal sample? 
The coal sample received from Glencore Wonderfontein seam 3 was characterized to be coal that 
constitutes 34.03% ash, fixed carbon of 40.58%, and calorific value of 19.66 MJ/kg. XRF analysis 
showed that the coal contains Al and Si with % weights of 13.37% and 23.3% respectively.  These 
elements are associated with kaolinite and quartz which accounts for the 34.03% ash in the coal. 
5.1.2 Can hydrocyclone be used as a pre-treatment stage to reduce % Ash? 
The hydrocyclone classifier was observed to reduce the % ash in the coal, and the lowest possible 
ash % obtained in the underflow was 22.69% coupled with increased CV from 19.66 to 
22.60MJ/kg. There was a 30.86% ash reduction from the feed before beneficiation which means 
the hydrocyclone classifier acts as a coal washing equipment which can be used as a pre-treatment 
stage to decrease the ash % in coal fines feed. 
5.1.3 What is the order of the level of significance of operational parameters on the response 
variable? 
The parameter level of significance depends on the response variable considered. Parameters with 
high level of significance contribute more variation and are regarded as sensitive parameters. With 
regards to the CV, it was observed that the changes are however minimal making it difficult to use 
CV as performance criteria on fine coal beneficiation using a hydrocyclone classifier. Below is a 
summarized order level with respect to response variable considered. 
 Ash %: spigot size> F80> Inlet pressure> % solids 
 % Yield: spigot size> F80> inlet pressure > % solids 
 CV: inlet pressure > F80> % solids> spigot size 
 d50: F80 > % solids > spigot size > inlet pressure 




 % efficiency: % solids > spigot size > inlet pressure > F80 
 
5.1.4 What are the parameter effect of operational variables on the response variables such as ash, 
% yield, CV, d50, % passing 150µm, and the % separation efficiency? 
 Parameter effect on the ash % 
Increasing the % solids from 5 to 10% decreases the ash % to the underflow and a further increase 
of the % solids from 10 to 15% increases the ash % to the underflow. The spigot size of the 
hydrocyclone was observed to have a directly proportional relationship with the ash %. The ash % 
was observed to decrease with an increase in the F80 from 220 to 530µm, a further increase of the 
F80 530 to 770µm increased the ash %. The ash % was observed to increase as the inlet pressure 
increased from 50 to 80Kpa.  
 Parameter effect on the % yield 
A directly proportional relationship was observed between the % yield with a % solid range from  
5 to 13%, however an inversely proportional relationship between the % solids and the response 
% yield was observed as % solids increased from 13 to 15%. A directly proportional relationship 
was observed between the spigot size of the hydrocyclone and % yield because an increase in the 
spigot size increases % yield. An increase in the F80 220 to 530µm was observed to have an 
increase in the % yield, however, a further increase in the F80 from 530 to 770µm showed a 
decrease in the % yield. The inlet pressure was observed to not affect the % yield. 
 Parameter effect on the CV 
The parameters investigated were observed to have marginal changes on the CV except for the 
particle size of the feed. It was observed that an increase in the F80 from 220 to 530µm results in 
an increase in the CV. A Further increase of the F80 from 530 to 220µm resulted in a decrease in 
the CV 
 Parameter effect on the d50 
An increase in the % solids from 5 to 10% results in an increase in the d50 of the underflow 
product, and a further increase of the % solids from 10 to 15% resulted in a decrease in the d50. 
Increasing the spigot size from 15 to 20mm results in a decrease in the d50, however an increase 




directly proportional relationship with the d50. The d50 was also observed to have an inversely 
proportional relationship with the inlet pressure. 
 Parameter effect on the % passing 150µm 
The % solids, spigot size, and F80 were observed to have an inversely proportional relationship 
with the % passing 150µm, which meant that an increase in the % solids, spigot size, and particle 
size resulted in a decrease in the % passing 150µm. The inlet pressure of the feed was observed to 
not affect the % passing 150µm. 
 Parameter effect on the % separation efficiency  
The % separation efficiency was observed to have an inversely proportional relationship with the 
% solids from the ranges of 5 to 10%, a further increase from 10% to 15% results in a directly 
proportional relationship existing between the % solids and the % separation efficiency. An 
increase in the spigot size from 15 to 20mm increased the % separation efficiency, and a further 
increment of the spigot size from 20 to 25mm resulted in a decrease in the % separation efficiency. 
An increase in the F80 from 220 to 530µm, showed a decrease in % separation efficiency. The % 
separation efficiency increases from F80 of 530 to 770µm. The % efficiency of separation was 
observed to have a directly proportional relationship with the inlet pressure.  
5.1.6 Can the model be used to predict working parameters of response variables such as the ash 
%, % yield, CV, d50, % passing 150µm, and the % separation efficiency? 
The multiple variable regression models developed for the ash %, % yield, d50, % passing 150µm, 
and CV was observed to have an R2 of 95%, 93%, 93%,94%, and 85.3%  respectively which means 
that the variation observed between the simulated data and actual data can easily be explained by 
the models. The p-values were also observed to be less than 0.05 which means that there is a 
statistical relationship between the operational variables and the response variables. 
The multiple variable regression models developed for the % separation efficiency was observed 
to have R2 of 59.95% of which is considered a fair correlation between the simulated data and the 
actual data. However, there was no statistical relationship observed between the operational 
variables and the response variable as the p-value obtained was greater than 0.05. The standard 
error of the estimate was observed to be high for the d50 compared to other response variables 




When comparing the models data to the actual data, it was observed that the ash %, CV, % yield, 
and d50 models were accurate as the % error were less than 10% compared to that of  the % passing 
150µm and % separation efficiency response variables of which the accuracy tests showed % error 
of greater than 10%. 
5.1.7 What are the optimum conditions when treating coal fines and ultrafines using a 
hydrocyclone? 
The optimum conditions for the operation of a 165mm diameter hydrocyclone classifier with 
45mm vortex finder through Taguchi were found to be a feed of 10% solids with an F80 feed of 
770µm operating at spigot size of 20mm with a feed inlet pressure of 50kpa. 
5.2 Recommendations 
To fully understand the operation of the hydrocyclone, more design parameters such as vortex 
finder, cyclone length and cyclone diameter need to be studied in how they affect the studied 
response variables.  
Parameter interaction between operational variables to the response variables was observed. The 
next section would be to study how this interaction comes about in the hydrocyclone system 
because the effect of one parameter on the response variable depends on another operational 
parameter. 
The research needs to also investigate how applicable are the optimum conditions obtained for real 
samples from fine coal tailing valid dump, where ash % is naturally much higher than what was 












Table A- 1: Response Table for Signal to Noise Ratios for ash % 
Level Solids (wt. %)  Spigot size(mm) F80 (µm) Inlet Pressure (Kpa) 
1 -27.9 -27.26 -28.29 -27.63 
2 -27.86 -27.66 -27.78 -27.69 
3 -27.53 -27.7 -27.69 -27.69 
4 -27.66 -28.02 -27.27 -27.72 
5 -27.99 -28.29 -27.91 -28.21 
Delta 0.46 1.03 1.02 0.58 
% Change 14.89 33.33 33.01 18.77 
Rank 4 1 2 3 
 
Table A- 2: Response Table for Signal to Noise Ratios for CV 
Level Solids (wt. %)   Spigot size (mm) F80 (µm) Inlet Pressure (Kpa) 
1 27.19 27.28 26.99 27.19 
2 27.18 27.15 27.17 27.28 
3 27.25 27.07 27.32 27.31 
4 27.16 27.1 27.18 27.04 
5 27 27.18 27.13 26.97 
Delta 0.25 0.21 0.33 0.34 
% Change 22.12 18.58 29.20 30.09 
Rank 3 4 2 1 
 
Table A- 3: Response Table for Signal to Noise Ratios for % yield 
Level Solids (wt. %)  Spigot size(mm) F80 (µm) Inlet pressure (Kpa) 
1 37.43 36.47 36.86 37.57 
2 37.57 36.95 36.77 37.28 
3 37.33 37.1 37.82 37.12 
4 37.21 38.19 37.9 37.48 
5 37.88 38.7 38.06 37.97 
Delta 0.67 2.23 1.29 0.85 
% Change 13.29 44.25 25.60 16.87 






Table A- 4: Response Table for Signal to Noise Ratios for d50 
Level Solids (wt. %)  Spigot size(mm) F80 (µm) Inlet pressure (Kpa) 
1 41.72 48.95 42.02 46.69 
2 45.59 43.13 40.76 47.42 
3 48.23 43.81 44.72 45.33 
4 45.33 45.01 47.39 43.84 
5 47.12 47.1 53.11 44.72 
Delta 6.51 5.81 12.35 3.58 
% Change 23.04 20.57 43.72 12.67 
Rank 2 3 1 4 
 
Table A- 5: Response Table for Signal to Noise Ratios for % passing 150µm 
Level Solids (wt. %)   Spigot size (mm) F80 (µm) Inlet Pressure (Kpa) 
1 -35.32 -34.04 -36.52 -33.11 
2 -34.97 -34.28 -36.04 -33.35 
3 -32.4 -33.7 -33.06 -33.71 
4 -32.53 -31.95 -32.95 -33.54 
5 -30.81 -32.06 -27.48 -32.33 
Delta 4.51 2.33 9.05 1.38 
% Change 26.11 13.49 52.40 7.99 
Rank 2 3 1 4 
 
Table A- 6: Response Table for Signal to Noise Ratios for % separation efficiency 
Level Solids (wt. %)  Spigot size(mm) F80 (µm) Inlet Pressure (kpa) 
1 37.68 36.38 37.88 35.84 
2 38.26 38.63 37.97 38.38 
3 35.34 39.1 37.68 37.94 
4 38.44 36.01 37.01 37.17 
5 37.59 37.2 36.77 38 
Delta 3.09 3.09 1.2 2.54 
% Change 31.15 31.15 12.10 25.60 







Figure A- 1: Parameter effect on ash% 
 
 


























Figure A- 3: Parameter effect on the % yield 
 
 





























Figure A- 5: Parameter effect on the CV 
 
 































































Figure A- 9: Parameter effect on the % passing 150µm 
 
 





































Figure A- 11:Parameter effect on the % separation efficiency 
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